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Summary 
Australian freshwater environments and the aquatic organisms that live within them, 
including the yabby, Cherax destructor Clark, 1936, may be threatened by the presence of 
anthropogenic pollutants, such as insecticides. The effect of such stressors may be magnified 
by climate change. The application of insecticides to control crop pests close to aquatic 
environments increases the likelihood that the said insecticides will be transported to the 
water and cause nonlethal effects to aquatic species. Organophosphate (OP) and carbamate 
(CB) chemicals are the most widely used insecticides in Australia and throughout the world. 
These insecticides have been detected in aquatic ecosystems and have been the subject of 
many reports and studies, though none of them concentrating specifically on the effects of 
these insecticides and their mixtures on C. destructor. In addition, there are no studies 
currently available on the nonlethal effects of these insecticides on this species under 
conditions of thermal stress, predicted as a possible effect of climate change. The current 
study was initiated to determine the nonlethal effects of these insecticides, alone and as 
mixtures, on the Australian native freshwater crayfish species C. destructor, using two OP 
and one CB insecticides, and to investigate the effect of temperature as an additional stressor 
with the insecticides.  
 
Chlorpyrifos (CPF), malathion (MAL) and methomyl (METH) were chosen for evaluation in 
the present study as they are insecticides of major importance in the control of crop pests. The 
residues of these chemicals have been detected in the natural environment and have been 
reported to be toxic to aquatic organisms. The test species, the yabby (C. destructor), is a 
native decapod crustacean (crayfish) that is widely distributed throughout Australia. It has 
been proposed as a bio-monitor of trace metal contamination, and has a number of 
characteristics that make it suitable as a bio-indicator for pesticide contamination.  
 
Juveniles of C. destructor were exposed to CPF, MAL and METH for 96 hours at different 
environmentally relevant concentrations (0.5, 2 and 5 µg.L
-1
). The toxicity of these 
insecticides to C. destructor was assessed by determining the activity of acetylcholinesterase 
(AChE) and butyrylcholinesterase (BChE) in the nervous system, the activity of glutathione 
S-transferase (GST) in the hepatoponcreas, and the activity of Na
+
/K
+
 ATPase in their gills. 
Recovery of these enzyme activities were also investigated after transferring exposed C. 
destructor to clean water for 14 days. Yabbies exposed to all three insecticides at 2 and 5 
2 
 
µg.L
-1
 exhibited significant AChE, BChE, GST and Na
+
/K
+ 
ATPase inhibition, although the 
activities of these enzymes recovered significantly after 14 days. These findings demonstrate 
that these enzyme inhibitions are sensitive biomarkers for CPF, MAL and METH exposure in 
C. destructor.  
 
In an attempt to replicate field conditions where insecticides are commonly detected in 
aquatic ecosystems and predominantly occur as mixtures of varying complexity, C. destructor 
were exposed to different binary and ternary mixtures of CPF, MAL and METH insecticides. 
The concentration addition approach (CA) was used to estimate mixture toxicity based on the 
concentration causing 25% enzyme inhibition (EC25). When estimated using the CA model, 
the observed inhibition of AChE activity caused by binary mixtures of CPF plus MAL was 
both greater than additive and less than additive depending on the relative ratios of these 
chemicals in the mixtures. The observed inhibition of AChE activity in the CPF plus METH 
and MAL plus METH, was greater than additive, less than additive and synergistic, again 
depending on the relative ratios of these chemicals in the mixture. In ternary mixtures, all 
combinations of CPF, MAL and METH conformed to less than additive and antagonistic. The 
effect of mixtures of these three insecticides on C. destructor has not previously been 
assessed, and the data suggests that individual chemical risk assessments are likely to 
incorrectly estimate the effect of these insecticides on C. destructor in the aquatic 
environment where combinations of such chemicals occur. 
 
Aquatic species are exposed to multiple stressors in their environment, in which the toxicity 
of pesticides and water temperature are some of the most important factors to be considered 
within aquatic systems. Therefore, in the present study, insecticide exposures under thermal 
stress were also applied simultaneously on juvenile C. destructor. Combined effects were 
tested with 2 µg.L
-1
 CPF, MAL, METH and their mixtures at 20
°
C and 25
°
C. Interaction 
between the two factors was found for all AChE, BChE, GST and Na
+
/K
+
ATPase activities. 
CPF, MAL, METH and mixture of MAL-METH produced AChE inhibition at 25
°
C higher 
than that of 20
°
C. CPF, MAL, and mixture of MAL-METH, CPF-MAL-METH produced 
BChE inhibition at 25
°
C, higher than that of 20
°
C. CPF, MAL, and mixture of CPF-METH, 
CPF-MAL- METH produced Na
+
/K
+
ATPase inhibition at 25
°
C, higher than that of 20
°
C. 
CPF, MAL, and mixture of CPF-METH, MAL-METH, CPF-MAL- METH produced GST 
inhibition at 25
°
C, higher than that of 20
°
C. These findings highlight how environmental 
stress can increase the relative toxicity of OP and CB pesticides. These findings also clearly 
3 
 
demonstrate the importance of pollution reduction strategies to enhance ongoing yabbies 
conservation and recovery efforts. These findings can also be used to inform pollution 
reduction strategies in an effort to enhance ongoing conservation and recovery efforts 
directed toward yabbies, but also potentially for a range of aquatic organisms. 
 
The gas chromatography mass spectrometry (GC-MS) based metabolomics approach is a 
technique that can be used to investigate the metabolic profiles of an organism; therefore, in 
the present study, we also used this approach to quantify metabolites identified in the yabby 
muscle exposed to CPF, MAL, METH insecticides and their mixtures. These insecticides 
disrupted amino acids, organic acids, fatty acids and sugar metabolism in the yabby muscle. 
Fifteen biomarkers of effect in yabby muscle tissue were identified by GC-MS, in which 
alanine, glycine and sucrose were reliable biomarkers for exposure to CPF, methionine, 
glycine, and sucrose were the unique biomarkers for exposure to MAL, and alanine and 
sucrose were two reliable biomarkers for exposure to METH. Proline and stigmasterol were 
the unique biomarkers for exposure to mixtures of CPF-METH. Tocopherol and campesterol 
were the unique biomarkers for exposure to mixtures of MAL-METH. These findings suggest 
that the metabolomics analysis is more sensitive than regular clinical observation and 
pathological examination for detecting the toxicity of used insecticides, even at low levels. 
These results also identified unique biomarkers in the metabolome of yabbies for exposure to 
to CPF, MAL and METH exposure, which may provide new insights into the mechanism of 
their toxicity. 
 
This study presents novel information on the response to chemicals and thermal stress in C. 
destructor, an Australian native species. It identified a strong and prolonged effect of 
insecticide exposure and thermal stress on the AChE, BChE, GST and Na
+
/K
+
ATPase 
activities in C. destructor, and provides evidence for the use of these biomarkers during CPF, 
MAL, METH exposure and thermal stress. These findings in the present study indicate that C. 
destructor is sensitive to CPF, MAL, METH insecticides and their mixtures. Combined 
effects of insecticides and thermal stress are generally considered to be worse than individual 
stress. This study also demonstrates the potential of the metabolomics approach in 
investigating nonlethal effect of insecticides on non-target species in aquatic ecosystems. 
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CHAPTER 1         GENERAL INTRODUCTION 
 
Environmental pollution is the unfavourable alteration of the environment by chemicals, and 
has been increasing in parallel with industrialization worldwide (Di Poi et al., 2011).  
Interactions between natural species and the surrounding environment are changing more 
rapidly due to industrialisation than at any other time in human history. This is particularly 
true for aquatic ecosystems that are easily accessible to human populations, and therefore 
more readily exploited and damaged by physical impacts and increasing pollution. Pesticides, 
including insecticides, herbicides and fungicides, are among the most important toxicants 
released into the aquatic environment that pollute in the aquatic ecosystems and effects on the 
aquatic biota (La and Cooke, 2011; Todd et al., 2010). 
 
The application of pesticides to crops close to the freshwater environment almost inevitably 
leads to their transport from sites of application into aquatic systems. Based on data in 2014 
and 2015, thousands of pesticide products are registered for use in Australian agriculture 
production, including herbicides (3119 products), insecticides (1514 products) and fungicides 
(959 products) (APVMA, 2016). This indicates that there is abundant opportunity for aquatic 
systems that are in proximity to the agricultural areas to be polluted by the plethora of 
pesticides that are currently available.     
 
Aquatic invertebrates and other benthic organisms play an important role in sediment energy, 
contaminant fluxes and in transferring environmental contaminants to higher trophic levels 
(Burton, 1992). Pesticides may be accumulated in the sediments and cause adverse effects on 
the ecosystem. Aquatic invertebrates may take up contaminants  from water by movement 
across membranes, and from sediment by ingestion of sediment particles or transfer across 
respiratory surfaces (Burton, 1992). The toxicity of pesticides to invertebrates is dependent on 
the quality and quantity of organic matter and environmental factors such as chemical 
stability, cation exchange capacity or pH in the environment (Davies et al., 1999; Gunnarsson 
et al., 1999; Lacey et al., 1999; Landrum and Fisher, 1999).  
 
Organophosphate (OP) and carbamate (CB) pesticides are widely used in Australia as they 
are considered the most cost-effective insecticides available, with a desirable mix of being 
highly toxic and rapidly degraded in the environment (Xuereb et al., 2009). In agriculture, 
these chemicals are used to control insect pests on many crops, including fruit, vegetables, 
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grain crops, ornamentals and cotton (Fulton and Key, 2001). They may also be used on 
livestock and domestic animals or for building pest control (Radcliffe, 2002; Story and Cox, 
2001). A problem associated with these pesticide groups is their lack of sensitivity, high 
water solubility and prolonged activity in soils (up to six months under specific conditions); 
They are easily transported in rainfall runoff or leached from the soil, potentially reaching the 
water. In the aquatic environment they can cause adverse effects on both vertebrates and 
invertebrates (Köprücü et al., 2006; Tuduri et al., 2006).   
 
OP and CB pesticides are likely to enter aquatic ecosystems through spray drift, leaching 
from soil and water or agricultural runoff (Chandrasekara and Pathiratne, 2007b). In aquatic 
environments, they can cause adverse effects on non-target aquatic organisms, particularly 
invertebrates due to a lack of target specificity (Fulton and Key, 2001; Schulz and Liess, 
1999). There is little information on the occurrence of OP and CB pesticides in the Australian 
aquatic environment because of a lack of pesticides residues screening of waterways. 
However, diuron and fluometuron were observed at 24 µg.L
-1
 and 9 µg.L
-1 
respectively, in 
Cox Creek, NSW (Muschal, 1997). In Victoria, chlorpyrifos, carbaryl, methiocarb and 
pirimicarb were observed in the Yarra River by  ch fer et al. (20  ) at 0.04 µg.L-1, 0.039 
µg.L
-1
, 1.2 µg.L
-1
and 1.4 µg.L
-1
, respectively.  
 
Evaluation of the adverse impacts of OP and CB pesticides on aquatic organisms is limited, 
as these pesticides have high biotransformation rates and low octanol/water partition 
coefficients, preventing them from accumulating through the food chain (Pham et al., 2017). 
They are, therefore, not easily detected by conventional analytical techniques, and it is for this 
reason that the approach of using biomarkers is particularly suitable for evaluating aquatic 
environmental risk from exposure to these two pesticide classes (Chambers et al., 2002). A 
biomarker is defined as any biological response to an environmental chemical, at the 
individual level or below, that demonstrates a departure from the normal status (Walker, 
2012). According to the definition, biological, physiological, histological, morphological and 
behavioural measurements may be considered as biomarkers. Biological responses at higher 
organizational levels, such as population, community or ecosystem levels are considered bio-
indicators. Biomarkers are divided into two groups, biomarkers of exposure and biomarkers 
of effect. While biomarkers of exposure demonstrate exposure of an organism to chemicals 
but do not indicate the degree of adverse effect the change causes, biomarkers of effect show 
adverse effects on organisms (Walker, 2012). 
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The sub-lethal effect of currently used pesticides to aquatic invertebrates has been reported in 
many studies (Conrad et al., 1999; Moore and Waring, 1998; Pham et al., 2017; Schroll et al., 
1998; Woin, 1998). The Acetylcholinesterase (AChE) inhibition in the invertebrates Daphnia 
magna, Hyalella azteca, and Chironomus tentans exposed to the OP insecticide chlorpyrifos 
were ≥200 times more sensitive than that of the fathead minnow Pimephales promels (Moore 
and Waring, 1998). A significantly reduced total invertebrate abundance in outdoor artificial 
streams due to chlorpyrifos even at low concentration (0.1 µg.L
-1
) (Ward et al., 1995). The 
effect of parathion and malathion on the population of non-target biota in aquatic ecosystems 
was also early recorded (Mulla and Mian, 1981).  
 
Metabolomics is a newly established scientific field related to the study of low molecular 
weight organic metabolites, and how their composition varies with external stressors within a 
cell, tissue or bio-fluid (Bundy et al., 2009; Lindon et al., 2011; Wang et al., 2007). 
Metabolomics have several advantages compared to traditional methods in investigating the 
interaction between organism and environment, assessing organism function or health at the 
molecular level. Metabolomics measurements provide information on the functional status of 
the organism such as cell, tissue or bio-fluid that can be mechanistically related to organism 
phenotype (Bundy et al., 2009). Another advantage of using metabolomics is the discovery of 
unexpected relations and metabolite responses of organisms to abiotic stressors including 
environmental factors such as temperature and anthropogenic factors such as contaminants 
(Glass and Hall, 2008; Kell and Oliver, 2004). 
The yabby (Cherax destructor) is a native decapod crayfish widely distributed in Australia. It 
has a number of characteristics that make it suitable as a bio-monitor for pesticide 
contamination, e.g. its wide range, ease of sourcing (it is widely bred in commercial 
hatcheries) and its ease of use and maintenance in the laboratory (Pham et al., 2017). 
Crustaceans such as the yabby play an important role in bio-monitoring programs to evaluate 
aquatic pollutants, but there has been little study of the effects of insecticides on this 
organism in Australia. Consequently, the aim of this study was to evaluate the effects of OP 
and CB insecticides on the yabby in the laboratory; the results will make a contribution 
towards understanding biomarker responses of field-based studies.  Specific objectives of the 
work were to: 
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a) Evaluate the non-lethal effects of OP and CB insecticides on the yabby (C. destructor) 
(by exposing yabbies to CPF, MAL or METH for 96 h and measuring enzyme 
inhibition as an endpoint both during and post-exposure); 
b) Assess the interactive mixture toxicity of OP and CB insecticides in C. destructor 
using enzyme inhibition as an endpoint (by exposing yabbies to mixtures of CPF, 
MAL and METH and measuring enzyme inhibition as an endpoint both during and 
post-exposure); 
c) Investigate the interactions between water temperature and toxicity of OP and CB 
insecticides on C. destructor (by exposing yabbies to CPF, MAL or METH at a single 
concentration and two water temperatures and measuring enzyme inhibition as an 
endpoint both during and post-exposure);  
d) Determine the toxicity of OP and CB insecticides on the metabolism of C. destructor 
(using a Gas Chromatography-Mass Spectrometry based metabolomics approach). 
 
The data from this research may be useful for fieldwork programs or waterways management 
such as in early prediction of the effects of chemical agents that may occur at higher levels of 
biological organisation, estimating potential effects of pesticide mixtures on aquatic 
organisms, providing information for predicting potential impacts of multiple stressors on 
aquatic organisms, and in providing new insights into the mechanism of the toxicity from 
exposure to insecticides. 
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CHAPTER 2   LITERATURE REVIEW 
 
2.1 Organophosphate and carbamate pesticides  
Organophosphate (OP) and carbamate (CB) pesticides (Figure 2.1) are widely used in 
Australia as they are considered the most cost-effective insecticides available, with a 
desirable mix of being highly toxic and rapidly degraded in the environment (Xuereb et al., 
2009). In agriculture, these chemicals are used to control insect pests on many crops, 
including fruit, vegetables, grain crops, ornamentals and cotton (Fulton and Key, 2001). They 
may also be used on livestock, domestic animals or for building pest control (Radcliffe, 2002; 
Story and Cox, 2001). 
 
 
Figure 2.1 The basic structure of organophosphate (A) and carbamate (B) pesticides. 
 
 
The most significant mechanism of action of OP and CB pesticides residues is inhibition of 
the nervous system enzymes cholinesterase (ChE) and carboxylesterase by phosphorylating 
the enzyme and binding to the active site (Massaro, 2002; Stenersen, 2004). Communication 
between neurons and nerve muscle or endocrine cells is chemically mediated. An impulse 
entering nerve synapses causes the release of acetylcholine (ACh) which crosses the synaptic 
gap and binds to a receptor on the post-synaptic membrane; the chemical signal is converted 
into an electrical signal (Shankland, 1976). The electrical signal continues until ACh is 
removed from the receptor by acetylcholinesterase (AChE) which hydrolyses ACh into 
acetate and choline (Beauvais et al., 2001; O’Brien,  976).  
 
                                      
A B 
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Both OP and CB pesticides inhibit AChE by targeting the serine hydroxyl group on the AChE 
active site where they bind to and inactivate the enzyme (Figures 2.3, 2.4; (Abbas and 
Hayton, 1997; Grue et al., 1991; Jett et al., 1993; Stenersen, 2004). AChE will be prevented 
from hydrolyzing ACh when it is phosphorylated or carbamylated (Jett et al., 1993; 
Stenersen, 2004); therefore, the activation of receptors is prolonged, leading to an 
overstimulation of the postsynaptic cholinergic receptors or death (Jett et al., 1993; Jones et 
al., 1998; Liu and Pope, 1996). While OP pesticides phosphorylate the serine hydroxyl groups 
of AChE, CB pesticides carbamylate the serine hydroxyl. The reactivation of AChE by 
dephosphorylation and decarbamylation occurs slowly. The reactivation by 
dephosphorylation is considered irreversible, but the reactivation by decarbamylation is not 
considered irreversible (O’Brien,  976).  
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Figure 2.2 Reactions involved in the hydrolysis of acetylcholine (ACh) by 
acetylcholinesterase (AChE). The quaternary nitrogen of the choline portion of ACh 
associates with the anionic site on glutamate 334 followed by the binding of the carbonyl of 
the ester portion of ACh binding to the hydroxyl group on serine 203. The choline portion of 
ACh is removed in a hydrolysis reaction leaving the acetate bound to the serine hydroxyl. The 
acetate is rapidly hydrolyzed freeing the enzyme's active site (Massaro, 2002). 
Active site of AChE 
Binding to AChE 
Acetylated AChE 
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Figure 2.3 Reactions involved in the inhibition of acetylcholinesterase (AChE) by an 
organophosphate compound (OP). The leaving group portion of the OP (indicated by R3) 
associates with the anionic site on glutamate 334 followed by the binding of the phosphate 
portion of the OP to the hydroxyl group on serine 203. The phosphorylation of AChE is 
persistent (days to weeks). The phosphorylated AChE can then undergo two possible 
reactions: (1) aging, in which one of the remaining R groups is removed rendering the AChE 
refractory to recovery; (2) spontaneous reactivation, in which the phosphate moiety is 
removed by hydrolysis rendering the AChE functional (Massaro, 2002). 
 
Active site of AChE 
Association of 
OP with AChE active site 
Phosphorylated AChE 
Aged AChE Uninhibited AChE 
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Figure 2.4 Reactions involved in the inhibition of acetylcholinesterase (AChE) by a 
carbamate pesticide. The carbamate forms a covalent bond with the hydroxyl group on serine 
203. The carbamylation of AChE is transient (hours to days). The carbamate moiety is 
removed by hydrolysis rendering the AChE functional (Massaro, 2002). 
 
2.1.1 Chlorpyrifos (CPF) 
Chlorpyrifos (Figure 2.5A) is widely used in agriculture, at industrial and building sites and 
in domestic applications (APVMA, 2018). In agriculture, CPF is registered to control many 
insect pests on many crops (Table 2.1). CPF is also used in flea sprays for domestic dogs 
(NRA, 2000).  
Active site of AChE 
Carbamylated AChE 
Uninhibited AChE 
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Figure 2.5 Structure of chlorpyrifos (A), methomyl (B) and malathion (C) (source: 
http://www.chemspider.com/Chemical-Structure.2629.html) 
Table 2.1 Summary of registered products numbers and uses for CPF, METH and MAL in 
Australia (APVMA, 2018). 
Active No registered 
products 
Registered use 
Chlopyrifos 
(CPF) 
11 Insecticide (confused flour beetle, flat grain beetle, granary 
weevil, lesser grain borer, maize weevil, rice weevil, rust-
red flour beetle, sawtoothed grain beetle and tropical 
warehouse moth) 
Malathion 
(MAL) 
3 Insecticide (aphid, caterpillar, green vegetable bug, 
leafhopper, Rutherglen bug, scale, thrip, weevil, cabbage 
moth, fruit fly, looper, and mite). 
Methomyl 
(METH) 
3 Insecticide (Aphid, caterpillar, green vegetable bug, 
leafhopper, Rutherglen bug, scale, thrip, weevil, cabbage 
moth, fruit fly, looper, and mite). 
                    
 
 
 
A (CPF) 
C (MAL) 
B (METH) 
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CPF has been detected in surface water in a wide range of crop production areas in NSW.  
For instance, in the cotton production area, CPF was found in Moomin Creek, (Iffley), 
Thalaba Creek (Merrywinebone) and Pian Creek at 0.2, 0.13, 0.2 g.L
-1 
respectively (NRA, 
2000). Surface water monitoring in the Murrumbidgee Irrigation Area (MIA) around rice and 
maize farms showed that concentration of CPF was lower than in the cotton production area 
at 0.01 µg.L
-1 
(NRA, 2000), but was detectable. CPF has been detected in sewage in the 
 ydney region with concentrations of up to 4 μg.L-1 (SWC, 2000). In Victoria, CPF was 
observed at 0.04 μg.L-1 in the Yarra River ( ch fer et al., 20  ). In addition, CPF was also 
identified as a significant risk to groundwater ecosystems (Hose, 2005). 
Table 2.2 Summary of observed levels of CPF, METH and MAL in River and lake water 
Australia and internationally. 
Country CPF 
(µg/L) 
METH 
(µg/L) 
MAL 
(µg/L) 
Reference 
   
Australia     
Victoria ND-0.04   Schafer et al (2011) 
Victoria  0.011  Allinson et al. (2015) 
Queensland ND-0.4   Shaw et al. (2012) 
International     
USA (California)  0.34 -55.3  CDPR 2011 
USA (California) 0.04  0.035 Ensminger et al. (2013) 
USA (Oregon) 0.009-0.1 0.009-0.1 0.005 Temple and Johnson (2011) 
Portugal (Lagoon)   0.013 Cruzeiro et al. (2015) 
Lebanon 0.001   Youssef et al. (2015) 
India ND-0.44   Lari et al. (2014) 
Iran 0.007-0.02   Rahmanikhah et al. (2010) 
Iran  0.044-0.456  Shakerkhatibi et al. (2014) 
Canada  0.0004-0.8  Struger et al. (2016) 
 
Fish kills have been reported in the wild due to exposure to CPF (La and Cooke, 2011). For 
instance, minor fish kills in canal areas of the Gold Coast were reported in 1996; sampling 
and analysis showed that CPF (0.05- .2 μg.L-1) was the most likely cause as a consequence of 
water runoff from garden spraying and the washing of containers (NRA, 2000). A similar 
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incident in the Gold Coast area was reported in the Koorong Street drain at Southport in 
February 1997 where CPF concentrations of up to 1.2 μg.L-1 were found in water upstream. 
The other aquatic incidents reported were from Kedron Brook and Sandy Creek, near 
Brisbane Airport and Mullumbimby, NSW. Sampling and analysis from a small creek 
downstream of a banana plantation at Mullumbimby NSW by the NSW EPA found CPF in 
the surface water (below 1 μg.L-1) and at high concentrations (5 mg/kg) in soil adjacent to a 
banana processing shed (NRA, 2000). A fish kill incident related to CPF contamination in 
Queensland was also reported by the Queensland Department of the Environment in 2000 
(NRA, 2000). 
 
Sub-lethal effects of CPF have been reported on fish, aquatic arthropods, oysters, algae and 
invertebrates. For instance, sub-lethal concentrations of CPF reduced cholinesterase and 
antioxidant enzyme activities in temperate freshwater fish (Kavitha and Rao, 2008; Wang et 
al., 2009), as well as reducing bone strength (Karen et al., 1998), swimming performances 
(Kavitha and Rao, 2008) and olfactory capabilities (Sandahl and Jenkins, 2002). CPF 
exposure in fish has reportedly induced a range of other adverse effects including, endocrine 
disruption, impaired reproduction and biased sex ratio amongst offspring (Arcand‐Hoy and 
Benson, 1998; Kime, 1995). The effect of CPF on immune-toxicity, cytotoxicity via oxidative 
stress, genotoxicity via DNA strand breaks and behavioural impairment has also been 
reported (Bony et al., 2008; Galloway and Handy, 2003; Livingstone, 2001; Scott and 
Sloman, 2004). 
 
A number of studies on olfactory perception and behaviour of fish due to sub-lethal effects of 
CPF have been conducted. In that context, most studies have focused on migratory species of 
salmon due to their societal importance and the need for aquatic species to be able to sense 
chemicals in water to successfully navigate to breeding waters. Coho salmon (Oncorhynchus 
kisutch) exposed to 0.7 μg.L-1 CPF had a 20% loss of sensory function (Sandahl et al., 2004), 
food strikes of juvenile Coho salmon (Oncorhynchus kisutch) exposed to CPF at 
concentrations between 0.6 and 2.5 μg L-1 were positively correlated with inhibition of AChE 
activity in the brain (Sandahl et al., 2005). Exposure to 200 μg.L-1 CPF for 24 h resulted in 
impaired swimming behaviour of Zebra fish (Danio rerio) (Tilton et al., 2011). There was a 
significant change in locomotory behaviour of mosquito fish (Gambusia affinis) exposed to 
60 μg.L-1 CPF for 20 days (Rao et al., 2005). 
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The effects of CPF on aquatic invertebrates have also been reported. There is a wide range in 
sensitivity; for example, the LC50 of Artemia parthenogenetica was 3.9 mg.L
-1
 (Varó et al., 
2000), while for Ceriodaphnia dubii the LC50 was 0.05 μg.L-1 (El-Merhibi et al., 2004). 
Some macro invertebrates appear to be able to withstand an acutely lethal CPF exposure 
provided that there is adequate time for recovery between exposures (Naddy and Klaine, 
2001). For instance, the effect of CPF on the freshwater crayfish, Cambarellus montezumae, 
was investigated by Díaz-Barriga Arceo et al. (2015). After an exposure period of 72 h, the 
LC50 for CPF was 5.62 mg.L
-1
. The results also indicated significant DNA damage at different 
exposure times, with respect to the control. The effect of CPF at 0.7 μg.L-1 on feeding of the 
prawn Macrobrachium rosenbergii was observed by Giddings et al. (2014), these effects 
persisted for at least 4 h after cessation of exposure to CPF.  
 
2.1.2 Malathion (MAL) 
Malathion (Figure 2.5C) is an OP insecticide used worldwide to control insect pests in 
agriculture and disease vectors of public health importance (Table 2.1). It is considered a 
significant chemical causing environmental poisoning in developing countries (WHO, 1986). 
MAL makes its way into the aquatic environment and enters aquatic organisms either from 
direct use in insect control or indirect sources of hydrosphere contamination, such as residue 
transfer from spray drift, erosion or run-off from agricultural land. In the aquatic 
environment, MAL may cause serious effects to aquatic organisms (Magar and Bias, 2013). 
MAL is toxic to all taxonomic groups of freshwater species, from invertebrates to fish. For 
instance, MAL was toxic and caused metabolic distress in freshwater fairy shrimp 
Streptocephalus dichotomus at 2 mg. L
-1
  (ALI, 2013). Feeding rates and body weight of 
freshwater shrimp Macrobrachium nipponence have been reported to be significantly 
decreased when it was  exposed to increasing concentration of MAL at 10, 50 and 100 μg.L-1 
(Yuan et al., 2004). The acute toxicity of MAL on some shrimp species has also been 
observed. For example, LC50 values of brine shrimp Artemia nauplii exposed to MAL for 24 
and 48 hour were 58.3 and 17.3 ppm respectively (Jawahar Ali et al., 2018). LC50 values of 
Artemia salina exposed to MAL for 48 hour was 1.00 2 mg. L
-1
  (Sidharta, 1997) 
 
The acute toxicity of MAL on mortality of fish is in the μg.L-1 range. For instance, the LC50 
values of four species of salmonids exposed to MAL for 96 hour is between 120 and 265 
μg.L-1 (Post and Schroeder, 1971) and between  0  and 285 μg.L-1 for three centrarchid 
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species (Macek and Mcallister, 1970). The LC50 values of largemouth bass (Micropterus 
salmoides) has been reported as 50 μg.L-1 and that for chinook salmon (Oncorhynchus 
tshawytscha) as 23 μg.L-1 (Pickering et al., 1962). LC50 for brook trout (Salvelinus fontinalis) 
was  20 and  60 μg.L-1 (Post and Schroeder, 1971), and   0 μg.L-1for bluegill (Lepomis 
macrochirus) in a flow through system (Eaton, 1970).  
 
The effect of MAL on AChE activity in fish was reported in 1974 (Coppage and Matthews, 
1974), and again in 1977 (Rehwoldt et al., 1977). Up to 96% AChE inhibition was observed 
in sheepshead minnow exposed to  200 μg.L-1 MAL and 70% in spotted (Leiostomus 
xanthurus) exposed to 1,250 μg.L-1 MAL for 24 hour (Coppage and Matthews, 1974). A 
significant reduction in AChE activities was observed in several fish species striped bass 
(Morone saxatilis), banded killifish (Fundulus diaphanous), white perch (Roccus 
americanus), American eel (Anguilla rostrata), carp (Cyprinus carpio), guppy (Lebistes 
reticulatus), and pumpkin seed (Lepomis gibbosus) exposed to 10 μg.L-1 MAL (Rehwoldt et 
al., 1977). Brain AChE activity was reduced by up to 34% in pinfish (Lagodon rhomboidis) 
exposed to MAL at 0.75 μg.L-1 in 24 hours (Coppage and Matthews, 1974) and 51% in 
Mozambique tilapia (Tilapia mossambica) after a 36 hours (Sahib and Rao, 1980).  
 
MAL has been observed to exert various histopathological and biochemical changes in fishes 
and other aquatic animals. For example, MAL was seen to cause histopathological change in 
the brain, liver, gill and kidney in fish (Cook and Burnstock, 1976), in the kidney of Cyprinus 
carpio (Dhanapakiam and Premlatha, 1994), Lacerta parva (Özelmas and Akay, 1995), 
Chartna gachua, (Dubale and Shah, 1984), and in the gill of Lepomis machrochirus 
(Richmonds and Dutta, 1989). A degeneration of the hepatic cells in Zebra fish exposed to 
0.9 mg.L
-1
 MAL for a period of four months, as well as noted skeletal deformities has been 
reported (Ansari and Kumar, 1984; Kumar and Ansari, 1986). The effect of sub-lethal 
concentrations of MAL on the basic proteins in the teleost (Tilapia mossambica) has been 
investigated (Sahib et al., 1984). Various physiological indices at cellular and subcellular 
levels in the catfish (Clarias batrachus) exposed to MAL have been investigated by 
Mukhopadhyay and Dehadrai (1980). A higher rate of incorporation of 14c glutamic acid in 
the tissues of fishes exposed to MAL for 48 hours compared to control fish has been observed 
and recorded (Sahib and Rao, 1980). Malathion affects all life stages of the grass shrimp 
(Palaemonetes pugio), although was reportedly the most toxic to newly hatched larvae with a 
96 h LC50 of 9.06 μg.L
-1
. Two other life stages of the grass shrimp had higher LC50 values, 
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e.g. 13.24 μg.L-1for 18 day old larvae and 38. 9 μg.L-1 for adult shrimp. Mortality of the grass 
shrimp was highest at MAL concentrations of 15.0 and 30.0 μg.L-1 after four pulse exposures 
(Key et al., 1998). 
 
2.1.3 Methomyl (METH) 
Methomyl (Figure 2.5B) is a carbamate insecticide registered for the control of insects on 
soybeans, cotton, fruits, vegetables, ornamentals, and other crops (Table 2.1). METH is 
moderately persistent and highly mobile. Environmental persistence depends on site-specific 
factors including oxygen availability, organic matter and soil moisture content; exposure to 
sunlight, pH, climate (especially rainfall) and crop management factors that influence 
leaching and runoff (Menconi and Beckman, 1996). METH has been detected in surface 
water at a range of crop production areas in Australia and internationally (Table 2.2).  
 
In Victoria, Australia, METH was observed at a concentration of 0.011 μg.L-1(Allinson et al., 
2015), lower than the concentrations reported in California and Oregon of USA up to 0.1 and 
55.3μg.L-1 respectively (CDPR, 2011). METH photolyses slowly in soils, but quickly in 
water, and degrades more rapidly under anaerobic conditions. METH has the potential to be 
very mobile, because it does not readily adsorb to soil.  
 
Methomyl was evaluated as moderately to highly toxic to fishes and very highly toxic to 
aquatic invertebrates by Van Scoy et al. (2013). These authors reported that the 96-h LC50 of 
pink shrimp (Penaeus duorarum) was 0.019 μg.L-1, and 0.53 μg.L-1 for the channel catfish 
(Ictalurus punctatus. Other researchers also reported that METH is highly toxic to waterflea 
(Daphnia magna, EC50, 24.17 mg.L
-1
), and Daphnia longispina (EC 50, 9.78 mg.L
-1
) 
(Pereira and Gonçalves, 2007). However, METH is less toxic to bluegill sunfish (Lepomis 
macrochirus, 96-h LC50, 1.05 μg.L
-1
) and sheepshead minnow (Cyprinodon variegates, 96-h 
LC50, 1.16 μg.L
-1
). The potency of METH to topmouth gudgeon increased as exposure time 
increased; LC50 values were 1.228 μg.L-1 at 24 h, 0.782 μg.L-1 at 48 h, 0.538 μg.L-1 at 72 h, 
and 0.425 μg.L-1 at 96 h, respectively (Li et al., 2008).  
 
The effect of METH on AChE and GST activity in aquatic species  has been reported. For 
instance, METH significantly decreased brain AChE activity by up to 48% in topmouth 
gudgeon after 96 h of exposure to concentrations between 0.085 and 0.2 3 μg.L-1, and hepatic 
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glutathione S –transferase (GST) activity was reduced by more than a 40% after 96 h (Li et 
al., 2008). A significant concentration-dependent decrease of glutamic oxaloacetic 
transaminase activity was found after 24 h of exposure to METH (Li et al., 2008). The 
inhibition of brain AChE in both male and female goldfish (Carassius auratus) exposed to 
METH was also investigated in the study of Yi et al. (2006) in which female goldfish was 
more sensitive than male. The influence of METH on catalase (CAT), glutathione S-
transferase (GST) and acetylcholinesterase (AChE) activities in carp (Cyprinus carpio) was 
also found in the studies of Hernández-Moreno et al. (2014), when they were exposed to a 
sub-lethal concentration (0.34 μg.L-1) of METH for 15 d. AChE activity in brain and muscle 
was determined and the results demonstrated that a significant decrease after 96 h of exposure 
was evident when compared to controls (0.041 vs. 0.075 nmol/ min per mg of protein).  
 
2.2 Biomarkers and effect of pesticides on enzyme activity 
2.2.1 Biochemical biomarkers 
A biomarker is defined as any biological response to an environmental chemical, at the 
individual level or below, that demonstrates a departure from the normal status (Walker, 
2012). According to the definition, biological, physiological, histological, morphological and 
behaviour measurements may be considered as biomarkers. Biological responses at higher 
organizational levels, such as population, community or ecosystem levels are considered bio-
indicators. Biomarkers are divided into two groups, biomarkers of exposure and biomarkers 
of effect. While biomarkers of exposure demonstrate exposure of an organism to chemicals 
but do not indicate the degree of adverse effect the change causes, biomarkers of effect show 
the adverse effects on the fitness of organisms (Walker, 2012). 
 
2.2.2 The role of biomarkers in environmental assessment                                            
Biomarker approaches for environmental assessment are not new and have been used for a 
number of years now (Lee and Singer, 1981; Roesijadi, 1980; Stegeman, 1978), and are 
considered by some as a useful way to indicate exposure to certain toxicants or pollutants or 
chronic stress (Hyne and Maher, 2003). Carefully chosen biomarkers play an important role 
in identifying an early response to contaminants (Broeg et al., 2005) and identifying organism 
stress (Smit et al., 2009), although the origin of the stress is not always clear and there are 
often multiple stressors present. In that context, aquatic contaminant assessments, biomarkers 
have been classified into three groups; exposure biomarkers, effects biomarkers and 
transcriptomic biomarkers (which integrate exposure and effects) based on the extent that 
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they reflect exposure to environmental stressors, or adverse health effects from contaminant 
exposures (Hook et al., 2014).  
 
Biomarkers have been used to determine patterns of contamination in the environment or 
predict the health of organisms. For example, six different biomarkers, including heat‐shock 
proteins, cytochrome P450s, heme oxygenase, superoxide dismutase, catalase, and DNA‐
repair enzymes were used to evaluate effect of fuel oil spills in Micronesia, and the results 
indicated that there were significant impacts of fuel oil on coral for at least three months 
(Downs et al., 2006). EROD, GST, glutathione reductase (GR) and catalase levels were 
measured in the livers of demersal fish to determine the spatial and temporal extent of the 
Prestige oil spill impacts in Northern Spain. The results indicated that EROD was the most 
sensitive biomarker and patterns of biomarker induction matched the patterns of oil 
deposition. In addition, levels of biomarker induction returned after two years (Martínez-
Gómez et al., 2009). The changes in the activity of biomarkers have also been used to 
examine the health of organisms in contaminated environment. The activity of effects 
biomarkers such as oxidative stress markers and lipid accumulation (which are known to 
correlate with both exposure and effects of contaminants)(Ringwood et al., 1998) was 
determined in caged mussels at a highly contaminated site near a refinery to evaluate a 
progression of deterioration in health with time (Dagnino et al., 2007). Biomarkers are also 
useful tools in identifying stressors within complex scenarios that may be contributing to 
ecosystem decline, and can also be used in an assessment framework. For example, protein 
biomarker levels were determined in corals reefs influenced by herbicides, pesticides, 
sedimentation, fuel, and heat to predict which stressor was causing effects in corals from 
Guam (Downs et al., 2012).  
 
2.2.3. Cholinesterases (AChE and BChE)  
Cholinesterases including acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) are 
enzymes represented among different tissues of aquatic species (Kozlovskaya et al., 1993). 
AChE is an enzyme found mainly in brain and muscle tissues, as well as, erythrocyte 
membranes, and the main physiological function of AChE is the splitting of acetylcholine 
(ACh), effectively acting as a mediator of cholinergic synapses, during transduction of nerve 
impulses (Chuiko et al., 2003), and it is responsible for the degradation of the 
neurotransmitter, acetylcholine. Different to AChE, BChE has higher activity in liver, 
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intestine, heart, kidney and lung tissues (Dave et al., 2000; Prody et al., 1987). Although the 
role of BChE is still unclear, it is considered to play a role in scavenging ACh that has been 
unsplit from AChE from various tissues (Brestkin et al., 1997; Silver, 1974).  
 
The measurement of AChE levels is well accepted as a method for diagnosing exposure to 
anticholinesterase compounds like OP and CB insecticides in aquatic species (Hill and 
Fleming, 1982; Murphy et al., 1968), and the inhibition of this enzyme is related to adverse 
effects (Coppage and Matthews, 1974; Murphy et al., 1968). In addition, significant AChE 
inhibition not only shows that the organism has been exposed, but also that a sufficient dose 
of the compound has reached the target site to produce a physiological effect. For example, 
most OP insecticides degrade rapidly leading to their concentrations in the environment 
falling below detectable levels between hours to days, while AChE inhibition in many species 
can last much longer from days to weeks (Fulton and Key, 2001). AChE monitoring may 
offer distinct advantages over the use of analytical chemistry alone, as AChE inhibition is the 
primary mechanism by which OP produce toxicity. Therefore, the biomarker effect is directly 
linked to the compound’s toxic mode of action, The activity of AChE plays an important role 
in normal behaviour and muscular function; therefore, inhibition of AChE that can occur by 
the action of OP or CB pesticides will lead to a continuous and excessive stimulation of 
nerves or muscle fibres (Kirby et al., 2000; Payne et al., 1996). Similar to AChE, BChE also 
features enzyme sensitivity to anticholinesterase insecticides, and in some marine fish species 
it was more sensitive to anticholinesterase insecticides than AChE; therefore, it was also 
considered as a biomarker of anticholinesterase chemicals (Sturm et al., 1999).  
 
The AChE test was first used to diagnose exposure of fish to anticholinesterase chemicals 
more than 40 years ago (Weiss, 1959); it is, therefore, considered as one of the oldest 
biomarkers in fish (Sturm et al., 2000). The use of AChE activity as a biomarker of OP and 
CB insecticides has since been reported in a variety of studies for a variety of biota (Habig et 
al., 1986; Huynh and Nugegoda, 2012; Kirby et al., 2000), with examples including shrimp 
(Abdullah et al., 1994; Key and Fulton, 2006; Tu et al., 2009) and crayfish ( scart  n and 
Porte, 1996). The AChE also used as a biomarker to assess the influence of multiple stressors 
on fish in the Vaal River, South Africa (Wepener et al., 2011).  
 
2.2.3.1 Effect of OP and CB pesticides on cholinesterase (AChE, BChE) 
Organophosphate and CB pesticides are known to inhibit the action of cholinesterase by 
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phosphorylating or carbamylating the active centre of the enzymes. The activity of 
cholinesterase plays a crucial role in neurotransmission at cholinergic synapses by rapid 
hydrolysis of the neurotransmitter acetylcholine to choline and acetate (Soreq and Seidman, 
2001). OP and CB pesticides inhibit AChE leading to accumulation of endogenous 
acetylcholine (Arufe et al., 2000; Glynn, 2006). Organophosphate and CB pesticides can 
utilize their biological effects through electrophilic attack on the cellular constituents of 
hepatic and brain tissues (Samanta and Chainy, 1995), with simultaneous generation of 
reactive oxygen species (Lemaire et al., 1994). Acute exposure to OP insecticides also may 
result in oxidative stress in humans (Banerjee et al., 2001). 
 
The activities of neurological and behavioural indices in aquatic organisms can be highly 
sensitive to environmental contaminants (Costa, 1996; Døving, 1991; Scherer, 1992; 
Silbergeld et al., 1993). There are many studies that have indicated that measurements of 
AChE activity have been used as biomarkers of OP and CB pesticide exposure (Grue et al., 
1997; Williams and Sova, 1966). Organophosphate and CB pesticides can inhibit AChE at 
low concentrations. These pesticides can cause accumulation of acetylcholine at central 
cholinergic synapses and at vertebrate neuromuscular junctions (Gupta et al., 1994; Hoy et 
al., 1991; Sancho et al., 1997). As a result, these chemicals can affect locomotion and 
equilibrium in exposed organisms (Hart and Dunn, 1993; Richmonds and Dutta, 1992; Saglio 
and Trijasse, 1998).   
 
Inhibition of acetylcholine by organophosphate and CB pesticides may be accompanied by 
the reduction of AChE and will result in excessive stimulation of cholinergic nerves, which in 
return will result in convulsions, tremors, and even the death of the aquatic species (Baxter 
and Barker, 1998; Salles et al., 2003). The AChE inhibition by OP and CB pesticides depends 
on several factors including pesticide concentrations and the duration of exposure (Fulton and 
Key, 2001; Üner et al., 2006). The brain activity of AChE in fish has been used as a method 
for evaluating the effects that  pesticides can exert on aquatic systems (Zinkl et al., 1987).  
 
The inhibition of AChE due to OP and CB pesticides is responsible for the increased level of 
acetylcholine. This will result in increasing levels of catecholamines which can cause adverse 
effects on the synthesis of glycogenolysis and glycogen synthesis (Brzeziński and Ludwicki, 
1973). Continuous stress in this condition can affect the synthesis of AChE; and lead to 
decreased levels of acetylcholine. The inhibition of carbohydrate and protein metabolism 
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enzymes may cause the eventual mortality of fish. The inhibition of AChE due to OP and 
carbamate pesticides indicated that pesticides prevent vital processes such as energy 
metabolism occurring correctly (Ansari et al., 1987). 
 
The inhibition of AChE in the brain of fish exposed to chlorpyrifos and profenofos was 
observed by Kumar and Chapman (2001). The activities of AChE in the brain tissue of 
largemouth bass and blue gill sunfish exposed to MAL, diazinon and endosulfan was reduced 
by up to 78% (Richmonds and Dutta, 1992). Similar to AChE, butyrylcholinesterases (BChE) 
inhibition by OP and CB pesticides has also been used as an indicator of exposure in 
biomonitoring programs of pesticide pollution (Sanchez-Hernandez et al., 2004). 
 
2.2.4 Gill - ATPase  
Gills are the site of respiration and gas exchange, osmoregulation, ion transfer and are 
therefore the most important organ interacting with the surrounding environment (Wood, 
1989). Any change in water quality can alter their structure and function. Gills are therefore a 
primary target organ, and may be one of the first organs to exhibit symptoms of sub-lethal 
toxicity (Torreblanca et al., 1989).  
Adenosine triphosphatases (ATPases) are the membrane–bound enzymes that play an 
important role in the transport of ions through biological membranes (Sancho et al., 2003), 
and are considered to be a sensitive indicator of toxicity (Stagg et al., 1992; Yadwad et al., 
1990). The energy released from the process hydrolyzing adenosine triphosphate (ATP) to 
adenosine diphosphate (ADP) and inorganic phosphate (Pi) becomes available for cation 
transport (Schuurmans et al., 1981). Sodium, potassium-activated ATPase (Na
+
/K
+ 
ATPase) 
plays an important role in the group of ATPase enzymes, as it regulates osmotic pressure in 
the whole-of-body (Towle, 1981) and provide energy for transporting of sodium and 
potassium across the cell membrane (Spencer et al., 1979). The activity of Na
+
/K
+ 
ATPase 
can be altered due to xenobiotics, which disrupt energy producing metabolic pathways or 
interact directly with the enzyme, and may produce adverse effects in the organism (Watson 
and Beamish, 1980).  
 
Several studies have reported ATPase activity as a potentially useful indicator of pollution 
stress in aquatic animals. For instance, DDT decreased the ATPase activity in gills of Salmo 
gairdneri (Leadem et al., 1974) and endosulfan decreased ATPase activity of Channa gachua 
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gills after 30 days of exposure (Dalela et al., 1978). 
 
2.2.4.1 Effect of OP and CB pesticides on ATPase 
It has been reported that exposure to OP and CB insecticides affects the activity of ATPase. 
For example, the activity of ATPase was significantly decreased in the gills and brain of 
freshwater fish, Channa punctatus exposed to the OP monocrotophos at 1.86 mg.L
-1
 after 15 
days (Agrahari and Gopal, 2008). Muscle and gill ATPase activity was significantly 
decreased in Cyprinus carpio exposed to diazinon. Similar results were recorded in the food 
fish Clarias batrachus exposed to the CB carbofuran at 7.6 µg.L
-1
 after 24 hours (Begum, 
2011). Decrease in the activity of ATPase in aquatic species exposed to these chemicals may 
be explained by partitioning in the enzymes, resulting in an allosteric change and leading to 
reduced ATPase activities (Reddy et al., 1992). Such ATPase inhibition may be expected to 
have metabolic effects in aquatic species like fishes in relation to physiological processes 
such as osmoregulation (Gopal et al., 1993; Parvez et al., 2006). ATPase can be used as a 
reliable biomarker for studying the sub-lethal toxicity of pesticides as it is very sensitive to 
chemical interactions (Agrahari and Gopal, 2008).  
 
2.2.5 Glutathione S –transferase   
Glutathione S-transferase (GST) is an important intracellular enzyme of the second stage of 
xenobiotic metabolism (Eaton and Bammler, 1999), and plays a crucial role in both the 
detoxification and biotransformation of a number of electrophilic compounds (Yang et al., 
2001). The main physiological function of GST is to catalyse the conjugation of a large 
variety of compounds bearing an electrophilic site with reduced glutathione (Mannervik et al., 
1988). In the metabolism of endogenous biomolecules, GST participates as prostaglandins, 
steroids or an intracellular binding and transport protein in the metabolism of bilirubin in 
hepatocytes (Starcevic and Zielinski, 1995).  
 
The activity of GST has been assessed in the tissues of different aquatic organisms in both 
laboratory and the field toxicology studies. The changes in the GST activities can reflect cell 
damage in specific organs or metabolic disturbances (Casillas et al., 1983). For example, to 
protect against pesticide toxicity, the activity of GST may be increased (Oruc et al., 2004), 
e.g. the activity of GST was significantly increased in the African catfish Clarias gariepinus 
exposed to a mixture of l7α-ethynylestradiol and benzo(a)pyrene after 6 days (Mdegela et al., 
2006). However, pesticide exposure has also been shown to decrease GST activity, e.g. in 
25 
 
liver of the guppy (Poecilia reticulate) exposed to dimethoate after 96 hours (Frasco and 
Guilhermino, 2002). This may reflect a degree of protection against the toxicity of 
xenobiotic-induced lipid peroxidation of this enzyme (Leaver and George, 1998).  
 
2.2.5.1 Effect of OP and CB pesticides on glutathione S-transferase  
Glutathione S-transferases (GST) play an important role in the biotransformation and 
detoxification of a number of electrophilic compounds, therefore the changes in the activity 
of this enzyme in specific organisms may be reflective of metabolic disturbances and cell 
damage. For example, an increase in the activity of GST may reflect the possibility of better 
protection against pesticide toxicity and could be used as a biomarker for pollution 
monitoring (Oruc et al., 2004). On the other hand, the decrease in the activity of GST may 
relate to the protection against the toxicity of xenobiotic-induced lipid peroxidation (Leaver 
and George, 1998). 
 
The effects of OP and CB insecticides on GST activity in aquatic species have been reported 
by some authors. For example, the GST activity was significantly inhibited by up to 46% in 
the liver of topmouth gudgeon (Pseudorasbora parva) exposed to METH at 85 g.L-1after 96 
h of exposure (Li et al., 2008). There was a significant inhibition of GST activity in the gills 
of mosquito fish (Gambusia yucatana) exposed to carbofuran at 60 g.L-1after 24 h (Rendón-
von Osten et al., 2005). There was significantly decreased GST activity in liver tissue of the 
guppy (Poecilia reticulate) exposed to dimethoate after four days (Frasco et al., 2006).  
 
2.3 Metabolomics 
Metabolomics can provide a quantitative description of the low-molecular-mass endogenous 
metabolites present in biological samples such as urine, plasma, tissue, and organs or in the 
whole body of an organism (Madsen et al., 2010; Wishart, 2005). Metabolomics has become 
a useful tool for the identification of the mechanism of toxicity of chemicals as well as 
providing biomarkers of toxicant exposure (Beger et al., 2010; Robertson et al., 2010; Zheng 
et al., 2013) and so is considered as a potential tool in the fields of environmental risk 
assessment and monitoring (Taylor et al., 2010). Gas chromatography–mass spectrometry 
(GC–MS) is an important analytical method for metabolomics analysis of volatile compounds 
as it is reproducible, easy to establish and requires a relatively low capital investment 
compared to other analytical technologies (Dias et al., 2015). GC-MS is also widely used in 
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metabolomics analysis because of its high sensitivity and peak resolution (Xu et al., 2010). 
Although metabolomics is widely used in the medical field, the number of studies on the 
effects of toxicants and stressors on aquatic organisms is limited (Ekman et al., 2007; 
Kokushi et al., 2012; Ralston-Hooper et al., 2008; Van Scoy et al., 2010; Viant et al., 2006). 
The results of previous studies suggest that metabolite changes can provide information on 
toxic exposure or stress earlier than typical measurable endpoints such as growth inhibition 
and mortality. 
Metabolomics is an established scientific field related to the study of low molecular weight 
organic metabolites, and how their composition varies with external stressors within a cell, 
tissue or bio-fluid (Bundy et al., 2009; Lindon et al., 2011; Wang et al., 2007). Metabolomics 
may be used to investigate the interaction between organism and environment, for assessing 
organism function or health at the molecular level. Metabolomics measurements provide 
functional status of the organism such as cell, tissue or bio-fluid that can be mechanistically 
related to organism phenotype (Bundy et al., 2009). Metabolomics may also be used to 
discover unexpected relations and metabolite responses of organisms to abiotic stressors 
including environmental factors such as temperature and anthropogenic factors such as 
contaminants (Glass and Hall, 2008; Kell and Oliver, 2004). 
The number of metabolomics studies of toxicity in aquatic species has increased in recent 
years. Environmental metabolomics studies on vertebrate aquatic organisms in both marine 
and freshwater environments have been conducted, and include various teleost fish species 
such as flatfish (Stentiford et al., 2005), Chinook salmon (Viant et al., 2006), fathead minnow 
(Collette et al., 2010; Ekman et al., 2009; Martinovic-Weigelt et al., 2012), rainbow trout 
(Kullgren et al., 2013; Samuelsson et al., 2011), zebrafish (Teng et al., 2013), topsmelt (Van 
Scoy et al., 2012), carp (Kokushi et al., 2012), Japanese medaka (Uno et al., 2012), and 
Atlantic salmon (Kullgren et al., 2013). There have been fewer investigations in aquatic 
invertebrate species and studies conducted so far have included abalone (Viant et al., 2002; 
Viant et al., 2001), and a daphnid (Taylor et al., 2010). Another study, using metabolomics on 
the freshwater snail Lymnaea stagnalis was conducted to explore imidacloprid induced 
toxicity in the central nervous system (Tufi et al., 2015). There were significant changes in 
different metabolite classes by the imidacloprid exposure, including changes of nucleotide 
and amino acid metabolites such as tryptophan, proline, phenylalanine, uridine, and 
guanosine. The increase of the polyamines, spermidine and putrescine were found indicating 
the injury of neuron cell. A decrease in the levels of many fatty acids also was found (Tufi et 
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al., 2015).  
 
2.4 Pesticide mixtures 
2.4.1 Pesticide mixtures in aquatic environments and the mixture toxicity theory 
Pesticides mixtures have become a prominent environmental concern especially in aquatic 
ecosystems. The application of individual insecticides for a long period of time leads to 
increased tolerance ability among various insect species and families. The use of pesticide 
mixtures, either jointly or severally, is more effective than individual chemicals, since the 
combination of modes of action often results in much greater elimination of pests than any 
one chemical acting alone. However, agricultural use of pesticide mixtures may make it more 
likely organisms will encounter these chemicals as mixtures in aquatic environments. The 
interaction of mixtures in the aquatic environment may lead to toxicities that do not occur 
with individual components (Conolly, 2001; Woods et al., 2002). 
 
The effect of individual pesticides on aquatic species has been reported in a great of number 
studies. Yang (in Pollack, 1997) indicated that nearly 95% of 150 effect studies deal with 
single pesticides or the effects of pre-exposure to one pesticide on the effects of another 
pesticide. However, more frequently, pesticides occur in mixtures (Chambers, 1994; Pollack, 
1997) and the toxicity of individual pesticides in a mixture may, in the majority of cases, be 
additive (Boedeker et al., 1993; USEPA, 1986). Consequently, evaluating the impacts of 
pesticides on community health or wildlife based on the toxicity of individual pesticides is 
not adequate (Pollack, 1997). 
 
The toxicity of pesticide mixtures may vary relative to the physical and chemical properties 
of both the organism and the toxicants. Walker (1998) described the relationship between 
toxicants in a mixture compared with their individual toxicities as synergistic, independent or 
antagonistic. Hoagland et al. (1993) observed additive toxicity when plankton and bluegill 
communities were exposed to atrazine and bifenthrin. Concentration-addition was observed 
when the rainbow trout (Onchorynchus mykiss) was exposed to mixtures of phenol, zinc, 
copper and nickel in equieffective concentrations (Brown, 1968; Brown and Dalton, 1970). 
Less than additive pesticide interactions were observed for the acute toxicity of endosulfan 
combined with disulfoton to rainbow trout (Arnold et al., 1995). Macek (1975) tested the 
binary toxicity of 29 binary pesticide mixtures on bluegill, observing a more than additive 
response. Profenofos applied in mixtures has also been shown to significantly increase the 
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toxicity of fenvalerate and zeta-cypermethrin (both SPs) to H. armigera (Gunning et al., 
1999). The effect of mixtures of the same toxicants may also vary according to the number of 
species present within the community. For instance the toxicity of a mixture of atrazine and 
sodium pentachlorophenate (Na-PCP) on single algal populations were additive, however, in 
multi-species laboratory microcosms the toxicity of this mixture was antagonistic (Burrell et 
al., 1985). A synergistic effect was also observed when carp (Cyprinus carpio) was exposed 
to mixtures of CPF+MAL and CPF+fenobucarb (Chen et al., 2014).  
 
2.4.2 The current models to predict the toxicity of pesticide mixtures. 
Two models of joint action, including concentration-addition (also known as simple similar 
joint action) and independent joint action (IJA) were initially used to describe different modes 
of toxicant action by Boedeker et al. (1993).  Concentration Addition (CA) and Independent 
Action (IA) models have also been used to predict the joint effect of mixture pesticides based 
on the toxicity of a single pesticide (Mikkelsen, 2012). The theoretical assumption for CA is 
that when toxicants have a similar mode of action, they will act upon the same target in the 
given species (Cedergreen et al., 2007; Ferreira et al., 2008; Pavlaki et al., 2011; Rider and 
LeBlanc, 2005). The concept of independent action, that is when the toxicants in a 
combination do not interact physically, chemically or have dissimilar MOA, is that they act 
independently of each other (Cedergreen et al., 2007; Ferreira et al., 2008).  
 
2.4.2.1 Concentration addition model (CA) 
The expected toxicity of chemical combination following the CA model is generally defined 
by the formula from Faust et al. (2000). 
         (∑
  
    
 
   
) 
where ECxmix is the total concentration of the mixture that causes x effect; Pi shows the 
proportion of component i in the mixture; n indicates the number of components in the 
mixture, and ECxi indicates the concentration of component i that would cause x effect. 
 
2.4.2.2 Independent action model (IA)  
The expected toxicity of a mixture that conforms to IA is commonly defined by the following 
equation (Backhaus et al., 2000; Faust et al., 2003) 
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where E(cmix) is the total effect of the mixture and E(ci) is the effect expected from 
component i.  
             
Or                             BRmix = 1- [(1-BRa)(1-BRb)…( -BRn)] 
where BRmix is the predicted biological response to the mixture, BRa, BRb and BRn are the 
biological responses (BR) of the test organism to toxicants ‘‘a’’, ‘‘b’’ and ‘‘n’’, respectively.  
 
2.4.3 Effects of pesticide mixtures on aquatic biota 
There are limited studies on the effects of pesticide mixtures on aquatic biota and the results 
reported on their interaction differ with the species and the combination of pesticides used. 
An additive effect of OP insecticide mixtures on aquatic species has been observed. For 
example, synergism has been observed in Cyprinus carpio exposed to binary mixtures of 
MAL and triazophos (Wang et al., 2015) and in Ceriodaphania dubia exposed to a binary 
mixture of CPF and profenofos (Woods et al., 2002). Although no enzyme measurements 
were performed, an additive effect has been observed in Chironomus tentans exposed to 
binary mixtures of CPF, methidathion, diazinon, and azinphos methyl (Lydy et al., 2004) and 
in Ceriodaphnia dubia exposed to CPF and diazinon (Bailey et al., 1997). In term of OP and 
CB mixtures, an antagonism was observed in Cyprinus carpio exposed to binary mixtures of 
MAL + fenobucarb and a synergism in binary mixture of triazophos + carbosulfan (Wang et 
al., 2015). OP and pyrethroids are both neurotoxic but have different modes of action. In the 
mixtures of these pesticides groups, OP has been reported to modify the toxicity of 
pyrethroids insecticides resulting in an increased risk to aquatic animals (Belden and Lydy, 
2006). For example, synergism has been observed in the snail Lymnaea acuminate exposed to 
binary mixtures of dichlorvos and deltamethrin (Tripathi and Agarwal, 1998). A synergistic 
behaviour was also observed in mixtures of carbamate and pyrethroids in which Culex 
quinquefasciatus was exposed to permethrin and propoxur (Corbel et al., 2003).  
 
2.5 Temperature and pesticides 
Agriculture production, farming practices and the use of chemicals is predicted to change in 
order to adapt to changes in weather patterns caused by global climate change (Bloomfield et 
al., 2006; Fadina and Barjolle, 2018; Ochieng et al., 2016; Smith and Almaraz, 2004). 
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Predicted changes in weather include an overall change in average temperature and a longer 
growing season, leading to changes in the types of crops being produced or the pests 
associated with the introduction of these new crops (Bloomfield et al., 2006; McGuirk et al., 
2014; Smith and Almaraz, 2004). It is entirely foreseeable that with the different crops and 
different pests, a shift will occur in the types of pesticides being used as well (Smith and 
Almaraz, 2004). Climate change is predicted to lead to an increase in pesticide use due to 
increased noxious weeds, pests and diseases (Bloomfield et al., 2006; Ibrahim, 2014; Taylor 
et al., 2018).  
 
Temperature is predicted to increase the rates of dispersal and transport distances from point 
source applications, however the effect of temperature on the toxicity of different pesticide 
groups is not similar (Bloomfield et al., 2006; Bøe, 2017). While some pesticides are more 
toxic in warm water, others are more toxic in cold water (Capkin et al., 2006). The mode of 
action of OP and CB pesticides can be temperature-dependent. OP and CB pesticides are 
more toxic at higher temperatures due to the effects of temperature on metabolic rate, 
availability of oxygen in tissues and waste production. Therefore, increases in temperature are 
predicted to make non-target species more susceptible to OP and CB pesticide groups (Macek 
et al., 1969). The increase of AChE activity associated with increasing water temperature has 
been recorded in many aquatic species such as in bluegill (Hogan, 1970), rainbow trout (Zinkl 
et al., 1987) and goldfish (Carassius auratus) (Hazel, 1969). 
 
2.6 Cherax destructor (Clark): the yabby 
The yabby is a native decapod crayfish widely distributed in Australia. It has a number of 
characteristics that make it suitable as a bio-monitor for pesticide contamination, e.g. its wide 
range, ease of sourcing (it is widely bred in commercial hatcheries) and its ease of use and 
maintenance in the laboratory (Pham et al., 2017). The yabby can adapt to a wide range of 
water temperatures from 1°C to 35°C, however the ideal water temperature for yabby growth 
is between 20°C and 25°C (Withnall, 2000). Yabbies do not grow when water temperatures 
drop below 16°C or are higher than 35°C (Merrick and Lambert, 1991; Mills, 1983; Morrissy 
et al., 1990). Yabbies can tolerate a wide range of dissolved oxygen levels and elevated 
salinities. However, when dissolved oxygen decreases, feeding (and therefore growth) also 
decreases.                  
Females of C. destructor have oviducts located at the base of the five pairs of legs, while 
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male genital papillae are based on the fifth pair of walking legs. Females can produce 30 to 
450 eggs per brood per yabby. Females can produce five broods per year from early spring to 
mid-summer if environmental conditions are suitable (Lawrence and Morrissy, 2000; Mills, 
1983). Crustaceans play an important role in bio-monitoring programs to evaluate aquatic 
pollutants. For instance, Lake and Sokal (1986) indicated that benthic freshwater crustaceans 
took up trace metals. It has been proposed as a bio-monitor of trace metal contamination 
(Khan and Nugegoda, 2007a) or bio-monitor for pesticide contamination (Pham et al., 2017). 
 
 
Figure 2.6 Distribution of yabby (C. destructor) in Australia 
Source: Atlas of living Australia http://www.arkive.org/yabbie-crayfish/cherax-destructor/ 
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CHAPTER 3   METHODOLOGY AND OPTIMIZATION OF ENZYME ASSAYS 
 
Much of the experimental work conducted by the Author as part of his PhD studies is 
presented in the series of published/submitted journal articles in this Thesis (Chapters 4 – 8). 
In order to avoid unnecessary duplication and repetition of information, and to adhere to 
Thesis style guidelines, where material has been published/submitted for peer review the 
reader is directed to the relevant Chapter and Section; this section contains only 
methodological information that has not been published / presented for review. 
 
3.1 Materials and methods 
3.1.1 Chemicals: see Chapter 4.4.1 (page 41) 
3.1.2 Test species, holding conditions and acclimation: see Chapter 4.4.3 (page 42) 
3.1.3 Determination of enzyme activity 
3.1.3.1 Acetylcholinesterase and butyrylcholinesterase: see Chapter 4.4.4.1 (page 42) 
3.1.3.2 Na
+
/K
+ 
ATPase: see Chapter 4.4.4.2 (page 43) 
3.1.3.3 Glutathione-S-Transferase: see Chapter 4.4.4.3 (page 43) 
 
3.1.4 Methodology for metabolomics research 
3.1.4.1 Metabolite extraction from the yabby tissue: see Chapter 7.4.4 (page 88) 
3.1.4.2 Polar metabolite derivatization: see Chapter 7.4.5 (page 88) 
3.1.4.3 GC-MS instrument conditions: see Chapter 7.4.6 (page 88) 
3.1.4.4 Data processing and statistical analyses: see Chapter 7.4.7 (page 88) 
 
3.1.5 Insecticide measurement methods: see Chapter 4.4.4.4 (page 44) 
 
3.2 Optimization of enzyme assays 
The microplate-based cholinesterase (AChE, BChE) and GST activity assays were optimized 
in the different tissues of C. destructor (AChE, BChE in the nervous system, GST in the 
hepatopancreas, gills) before starting the exposure experiments in order to obtain the greatest 
accuracy and precision in test data. The assay conditions including enzyme and substrate 
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volume, temperature, and assay read time were checked and optimized for this species to 
ensure that instrumental readings of the absorbance increased steadily and then stopped at the 
beginning of the saturation.  
3.2.1 Optimization of AChE and BChE assays 
3.2.1.1 Optimisation of enzyme and substrate volume  
The enzyme volume of C. destructor depends on the weight of central nerve cord used. The 
different volumes of enzyme obtained from 20 mg and 100 mg of the central nerve cord 
(homogenised in 1ml phosphate buffer pH 8, 0.1M) were used with different substrate 
[(acetylthiocholineiodide (AChE), and butyrylthiocholineiodide (BChE)] volumes to optimize 
enzyme/substrate volume ratio for both AChE and BChE assays.  
 
For the AChE assay, 20 mg the central nerve cord of C. destructor was homogenized in 1ml 
phosphate buffer pH 8, 0.1M and then different volumes of supernatant (50, 30, 25, 20, 15, 
and 10 µL) were added into the 96 wells microtiter plates, then different volume of substrate 
(acetylthiocholineiodide) was added (Table 3.1) and the absorbance read at 405nm. The data 
obtained suggests that there was a steady increase without saturation in the change in 
absorbance for 50:50; 50:30; 50:25 μL enzyme volume: substrate volume ratios (Table 3.1). 
The absorbance  in other enzyme/substrate ratios, including 30:25; 25:30, 25:25, 25:20, 
25:15, 25:10, 20:25, 20:20, 20:15, 20:10, 15:25 10:25, changed more slowly and without 
saturation. However, there was a saturation of the change in absorbance after 6 minutes for a 
30: 25 μL enzyme volume: substrate volume ratio (Figure 3.1; Table 3.1).  
 
In the case of BChE, the change in absorbance was too low in all enzyme volume: substrate 
volume ratios when the enzyme was obtained from 20 mg of central nerve cord homogenate, 
suggesting that there was not enough enzyme (not enough tissue). Therefore, 100 mg of 
central nerve cord of C. destructor was homogenized in 1mL phosphate buffer pH 8, 0.1M 
after which 50 μL of this mixture was removed from the homogenate and added to the 96 
wells microtiter plates with 20 μL of substrate (butyrylthiocholineiodide). In this enzyme 
volume: substrate volume ratio, the change in absorbance increased and there was a saturation 
of the absorbance rate after 25 minutes (Figure 3.2; Table 3.1). 
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Figure 3.1 The change in absorbance with time to measure AChE activity at 20
0
C using 
different enzyme: substrate volume ratios with 0.1 M phosphate buffer pH 8 used in 
homogenisation of nervous system of C. destructor (n=10). 
 
 
 
Figure 3.2 The change in absorbance with time to measure BChE activity at 20
0
C using 
different enzyme: substrate volume ratios with 0.1 M phosphate buffer pH 8 used in 
homogenisation of nervous system of C. destructor (n=10). 
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Table 3.1 The change in absorbance for different enzyme: substrate volume ratios using 
nervous system of yabbies C. destructor with 0.1 M phosphate buffer pH 8, temperature 20
°
C. 
Weight of tissue 
(mg) in 1 mL 
buffer 
Volume of enzyme: substrate 
(μL) 
Change in the rate of 
absorbance 
AChE BChE AChE BChE 
20 50 : 50 50 : 50 A= 0.626 A= 0.025 
20 50 : 30 50 : 30 A= 0.785 A= 0.016 
20 50 : 25 50 : 25 A= 0.926 A= 0.041 
20 50 : 20 50 : 20 A= 0.635 A= 0.010 
20 30 : 25 30 : 25 A= 0.186 A= 0.003 
20 30 : 20 30 : 20 A= 0.179 A= 0.012 
20 25 : 30 25 : 30 A= 0.163 A= 0.040 
20 25 : 25 25 : 25 A= 0.173 A= 0.022 
20 25 : 20 25 : 20 A= 0.161 A= 0.016 
20 25 : 15 25 : 15 A= 0.152 A= 0.025 
20 25 : 10 25 : 10 A= 0.115 A= 0.030 
20 20 : 30 20 : 30 A= 0.169 A= 0.026 
20 20 : 25 20 : 25 A= 0.121 A= 0.031 
20 20 : 20 20 : 20 A= 0.132 A= 0.021 
20 20 : 15 20 : 15 A= 0.131 A= 0.015 
20 20 : 10 20 : 10 A= 0.172 A= 0.018 
20 15 : 25 15 : 25 A= 0.165 A= 0.017 
20 10 : 25 10 : 25 A= 0.123 A= 0.021 
100 50 : 30 50 : 30 A= 0.992 A= 0.056 
100 50 : 25 50 : 25 A= 0.965 A= 0.062 
100 50 : 20 50 : 20 A= 0.865 A= 0.074 
 
3.2.1.2 Optimum temperature  
The AChE and BChE assays were optimized at different temperatures including 20
°
C, 30
°
C 
and 35
°
C to check the saturation of the change in absorbance at particular temperatures, while 
maintaining all other conditions constant. The assay plate was incubated at different 
temperatures for 10 minutes after adding buffer, enzymes and substrate. The rate of change 
absorbance in both AChE and BChE assay increased steadily at 30
°
C and 35
°
C without 
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saturation (Figure 3.3 and 3.4). However, at 20
°
C the  change in absorbance of AChE 
stabilized at 6 minutes and BChE stabilized at 25 minutes (Figure 3.3 and 3.4). 
 
 
Figure 3.3 The change in absorbance over time to measure AChE activity at different 
temperatures, with 0.1 M phosphate buffer pH 8 used in homogenisation of the nervous 
system of C. destructor with enzyme: substrate volume 30: 25 μL.  
 
 
 
Figure 3.4 The change in absorbance over time to measure BChE activity at different 
temperature, with 0.1 M phosphate buffer pH 8 used in homogenisation of nervous system of 
C. destructor with enzyme: substrate volume 50: 20 μL. 
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Different volumes of enzyme obtained from the liver and gill of C. destructor (20mg tissue 
homogenised in 1mL phosphate buffer pH 6.5, 0.1 M) were used to optimize the activity of 
glutathione S-transferase. When using gill tissue, 20 mg gills was homogenised in 1mL 
phosphate buffer pH 6.5, 0.1 M and then different volumes of supernatant (100, 80, 60, 40 
and 20 µL) were added into the 96 wells microtiter plates with  00 μL phosphate buffer and 
200 μL reaction solution [(L-Glutathione reduced (GSH) + 1-Chloro-2,4-Dinitro-Benzene 
(CDNB)] and the absorbance was read at 340 nm. The data indicated that there was a 
relatively slow change in absorbance without saturation when enzymes were used at 20, 40, 
60, and 80 µL (Figure 3.5). However, there was saturation in absorbance after 10 minutes 
when enzymes was used at  00 μL (Figure 3.5). Similar to the gill, the change in absorbance 
over time for GST in the hepatopancreas was determined using different volumes of enzyme 
at 60, 40, 20 and 10 µL. The results suggest that there was a steady increase without 
saturation in the absorbance for the 20, 40 and 60 µL volume of enzyme.  However, there was 
a saturation of the absorbance after  2 minutes when enzymes was used at  0 μL (Figure 3.6). 
 
 
 
Figure 3.5 The change in absorbance over time to measure GST activity at 20
°
C using 
different enzyme volume with 0.1 M phosphate buffer pH 6.5 used in homogenisation of gills 
of C. destructor.  
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Figure 3.6 The change in absorbance over time to measure GST activity at 20
°
C using 
different enzyme volume with 0.1 M phosphate buffer pH 6.5 used in homogenisation of 
hepatopancreas of C. destructor. 
The results presented in this section indicated the development and optimization of the 
cholinesterase (AChE, BChE) and glutathione S-transferase (GST) assays for C. destructor. 
Optimum conditions were chosen to determine the activities of cholinesterase (AChE, BChE) 
in pesticide exposures to be as follows: enzyme/substrate volume of 30 µL/25 µL (AChE) and 
50 µL/20 µL (BChE), temperature of 20
° 
C, and a time of 6 minutes (AChE) and 12 minutes 
(BChE). 10 µL and 100 µL of enzyme were chosen to determine GST activity in 
hepatopancreas and gills of C. destructor respectively.  
 
3.3 Statistical analysis: see Chapter 4.4.5 (page 44) 
 
 
 
 
 
 
 
 
 
 
 
y = 0.1034x + 0.2039 
R² = 0.9903 
0
0.5
1
1.5
2
2.5
3
3.5
0 1,30 3,00 4,30 6,00 7,30 9,00 10,30 12,00
L
iv
er
 G
S
T
 a
b
so
rb
a
n
ce
 a
t 
3
4
0
n
m
 
Time (minute) 
Enzyme 60 µl
Enzyme 40 µl
Enzyme 20 µl
Enzyme 10 µl
39 
 
CHAPTER 4               EFFECT OF INDIVIDUAL PESTICIDES (CHLORPYRIFOS, 
                                 MALATHION AND METHOMYL) ON CHERAX DESTRUCTOR 
 
This chapter has been published in the peer-reviewed literature, and is presented here after 
with only minor modifications to adjust formatting to the requirements of a Thesis 
 
Pham, B., Miranda, A., Allinson, G. & Nugegoda, D. 2017 Evaluating the non-lethal 
effects of organophosphorous and carbamate insecticides on the yabby (Cherax 
destructor) using cholinesterase (AChE, BChE), glutathione S-transferase and Na
+
/K
+ 
ATPase as biomarkers. Ecotoxicology and Environmental Safety, 143, 283-288 
 
4.1 Abstract 
The toxicity of two organophosphorus insecticides, chlorpyrifos (CPF), malathion (MAL), 
and one carbamate insecticide, methomyl (METH), to the yabby (Cherax destructor) was 
assessed by measuring cholinesterase (AChE, BChE), glutathione S-transferase and Na
+
/K
+ 
ATPase activity after 96 h of exposure. Yabbies exposed to all three insecticides at 2 and 5 
µg.L
-1
 exhibited significant AChE, BChE, GST and Na
+
/K
+ 
ATPase inhibition. Based on 
these enzyme inhibition tests, the toxicity of the three insecticides to C. destructor was CPF > 
MAL > METH.  After 14 days of recovery the yabbies enzymatic activities of AChE, BChE, 
GST and Na
+
/K
+ 
ATPase was measured. Recovery of the enzyme activity recovery was faster 
after the exposure to METH than for the yabbies exposed to CPF and MAL. Slow recovery of 
enzyme activity could affect the physical activities of organisms and produce indirect effects 
on populations if such crayfish are less able to elude predators or search for food. 
4.2 Keywords: Cherax destructor. Chlorpyrifos. Malathion. Methomyl. Acetylcholinesterase. 
Butyrylcholinesterase. Glutathione S-transferase. Na
+
/K
+
ATPase 
 
4.3 Introduction 
Organophosphorus (OP) and carbamate (CB) insecticides are widely used in agricultural, 
commercial and urban areas (Xuereb et al., 2009). These insecticides may enter water bodies 
directly or indirectly, resulting in adverse effects on various non-target aquatic organisms, 
particularly invertebrates (Li et al., 2008; Xuereb et al., 2009). However, it is difficult to 
evaluate the environmental risks of these pesticides using chemical analytical techniques 
alone due to their short half lives in water and their high biotransformation rates in living 
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organisms (Ashauer et al., 2006). Thus, the biomarker approach, allowing acquisition of 
information that cannot be obtained from the measurement of chemical residues in 
environmental and biological media is particularly suitable for evaluating aquatic 
environmental risk from exposure to these two pesticide classes (Chambers et al., 2002).  
 
Inhibition of AChE leads to the accumulation of acetylcholine in nerve synapses causing 
continuous and excessive stimulation of the nervous system, potentially leading to the death 
of the organism. Consequently, the activity of AChE has been used as a biomarker of OP and 
CB insecticides in many non-target aquatic species, such as fish (Habig et al., 1986; Huynh 
and Nugegoda, 2012; Kirby et al., 2000), shrimp (Abdullah et al., 1994; Key and Fulton, 
2006; Tu et al., 2009) and crayfish ( scart  n and Porte,  996). Glutathione-S-Transferases 
(GSTs) play a crucial role on the biotransformation and detoxification of a range of 
xenobiotic chemicals. Therefore, their inhibition and induction has been used as a biomarker 
of exposure to many insecticides (Falkner and Clark, 1992). The activity of ATPase is very 
sensitive to the presence of organic compounds, especially some pesticides or drugs (Vasić et 
al., 2002) and the activity of this enzyme is a potentially useful indicator of pollution stress in 
aquatic animals; however more research is required to prove that ATPase can be used for 
hazard assessment of pollutants (Haya and Waiwood, 1983) including pesticides. For 
example, DDT decreased the ATPase activity in gills of Salmo gairdneri (Leadem et al., 
1974) and endosulfan decreased ATPase activity of Channa gachua gills after 30 days of 
exposure (Dalela et al., 1978), however these are organochlorines while research on the 
effects of organophosphates or carbamates on the activity of ATPase in crustaceans or 
crayfish is limited.  
 
Use of chlorpyrifos (CPF) and malathion (MAL) in domestic situations is restricted or 
prohibited in some jurisdictions (EPA, 2016), but they remain registered for agricultural uses 
and so residues of these chemicals have been detected in agricultural areas worldwide (Magar 
and Bias, 2013; Radcliffe, 2002). These two OP insecticides are still registered for domestic, 
commercial and industrial use in Australia (Pesticides and Authority, 2004). Chlorpyrifos has 
been detected at up to  .2 μg.L-1 in New South Wales (NRA, 2000) and at 0.7 and 0.04 μg.L-1 
in Lake Hawthorn and the Yarra Valley, respectively, in Victoria (Unpublished data; Pers. 
Comm. Graeme Allinson). Sublethal concentrations of CPF have been shown to reduce AChE 
activity in freshwater shrimp Paratya australiensis (Kumar et al., 2010). This chemical also 
reduced cholinesterase and antioxidant enzyme activities in temperate freshwater fish (Wang 
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et al., 2009). Similarly, exposure of grass shrimp (Palaemonetes pugio) to MAL led to 
deleterious effects on all three of the shrimp’s life stages. MAL was most toxic to newly 
hatched larvae (LC50 9.06 μg.L-1) followed by for 18-day-old larvae (LC50  3.24 μg.L-1) and 
then adult shrimp (LC50 38. 9 μg.L-1; (Key and Fulton, 2006). There is no biomarker-based 
sub-lethal effect data for aquatic invertebrates for MAL, but the activity of AChE in estuarine 
fishes Leiostomus xanthurus exposed to MAL was shown to be 70% reduced at a 
concentration of  .25 μg.L-1 (Coppage and Matthews, 1974).  
 
Methomyl (METH) is also very toxic to a variety of aquatic organisms, particularly 
invertebrates (IPCS, 1995). It is highly toxic to pink shrimp Penaues duorarum (96-h LC50, 
0.019 mg.L
-1
), and Daphnia magna (EC50, 24. 7 μg. L
-1
; US EPA, 1998). There is also no 
biomarker-based sub-lethal effect data for aquatic invertebrates for METH, but AChE and 
GST activity in the topmouth gudgeon (Pseudorasbora parva) was reduced by more than 
50% after exposure to M TH at concentrations between 0.043 and 0.2 3 μg.L-1 for 96h (Li et 
al., 2008). Catalase (CAT), GST and AChE activities in carp (Cyprinus carpio) were 
significantly decreased after exposure to 0.34 μg.L-1 METH for 15 days (Hernández-Moreno 
et al., 2014). 
 
The yabby (Cherax destructor) is a native decapod crayfish widely distributed in Australia. It 
has been proposed as a biomonitor of trace metal contamination, (Khan and Nugegoda, 
2007b; Lake and Sokol, 1986) and has a number of characteristics that make it suitable as a 
biomonitor for pesticide contamination, e.g. its wide range, ease of use sourcing (it is widely 
bred in commercial hatcheries) and its ease of maintenance in the laboratory. A number of 
studies have been conducted on the biochemical effects of OP and CB insecticides on fish and 
other aquatic organisms in order to establish the potential of predictive biomarker for use in 
water contaminant monitoring (Begum, 2004; Sharma, 1999); information about these 
enzymes in evaluating the comprehensive effect of OP and CB insecticides during exposure is 
limited (Li et al., 2008). The aim of this study, therefore, was to evaluate the sub-lethal effect 
of CPF, MAL and METH on C. destructor based on changes of neural cholinesterase activity, 
gill Na
+
/K
+
 ATPase, and hepatopancreas GST activity. 
 
4.4 Materials and methods 
4.4.1 Chemicals 
42 
 
All insecticides used in this study were commercially available formulations obtained from 
Apparent Pty Ltd in Victoria, Australia. Stock solutions of CPF (500 g.L
-1
), MAL (500 g.L
-1
) 
and METH (225 g.L
-1
) were made on the first day of the experiments at three different 
concentrations (0.5, 2 and 5 µg.L
-1
). Exposure concentrations were based on unpublished 
observed Victorian environmental levels and levels anticipated to cause sub-lethal effects 
based on toxicity data reported for other, Northern Hemisphere decapods and macro-
invertebrates. 
 
4.4.2. Insecticides exposures 
Experiments with the selected insecticides consisted of four treatments including a control. 
There were 12 replicates of each treatment. Each replicate consisted of a 600ml glass beaker 
that contained 500ml of exposure solution and one yabby. 100% of the experimental water 
was renewed every 24h and the yabbies were not fed during the exposure period. Dissolved 
oxygen, pH and temperature were measured daily during the 96 h exposures. 15 yabbies not 
allocated to any treatment were sampled at the start of the experiment for analysis of initial 
levels of the relevant biomarkers. After 96 h exposure, half of the yabbies from each 
treatment were sampled for analysis of enzyme activity. The remaining yabbies were 
transferred to clean water and recovery of enzyme activity in the exposed C. destructor was 
measured after 14 days. During the recovery period, the water was replaced daily and the 
yabbies were fed three times per week. 
 
4.4.3 Juvenile yabbies 
Juvenile yabbies (C. destructor) were purchased from the Aussie Angler in Greensborough, 
Melbourne. Yabbies averaged 11.45 ± 0.96 mm in length and 31.26 ± 2.85 g in weight. 
Yabbies were acclimated in static condition in de-chlorinated charcoal filtered in a constant 
temperature room (20
°
C ± 0.62
°
C). Water was monitored and changed 2-3 times per week. 
The photoperiod was 16 hours light and 8 hours dark. Yabbies were fed every 2-3 days with 
commercial food pellets (Ridley Native Fish Commercial Feed) that contained a crude protein 
and lipid content of 52% and 12%, respectively. 
 
4.4.4 Determination of enzyme activity and insecticide measurement methods. 
4.4.4.1 Acetylcholinesterase and butyrylcholinesterase 
The acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) activity assays were 
conducted following the methodology proposed in Ellman et al. (1961). Yabbies were chilled 
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in a freezer until immobile and the central nerve cord was removed. The nerve cord was kept 
on ice until homogenised in 0.1 M phosphate buffer pH 8. Homogenates were centrifuged for 
30 min at 4
°
C, 3000 g and the supernatant removed. The supernatant was kept on ice to 
maintain enzyme stability and measure activity of AChE and BChE. Both AChE and BChE 
activities were measured spectrophotometrically (405 nm; POLARstar Omega) for 10 min at 
25
0
C following the change in colour of the anion 5–thio-2 – nitrobenzoate produced by the 
reaction of thiocholine with dinitrobenzoic acid (DTNB). Cholinesterase activity was 
standardised to the protein concentration in each sample determined by Bradford’s method 
(1976) carried out in 96-well microtitre plates. Cholinesterase activity was expressed as 
micromoles per minute per gram brain tissue (µmol.g
-1 
brain tissue. min
-1
).     
 
4.4.4.2 Na
+
/K
+ 
ATPase.  
Na
+
/K
+ 
ATPase activity was determined in the gills of C. destructor by the method of Zare 
and Greenaway (1998). Yabby gills were sliced finely with scissors and homogenized in non-
inhibited buffer (MgCl2 6 mmol.L
-1
, NaCl 100 mmol.L
-1
, KCl 10 mmol.L
-1
, Tris/acetate 25 
mmol.L
-1
, pH was adjusted to 7.4) and inhibited buffer (MgCl2 6 mmol.L
-1
, NaCl 110 
mmol.L
-1
, Ouabain 2 mmol.L
-1
, Tris/acetate 25 mmol.L
-1
; pH adjusted to 7.4). Gill 
homogenate (25 µL) was mixed with assay buffer (550 µL) in 1.5 mL Eppendorf tubes and 
equilibrated to 25
°
C. The assay reaction was initiated by adding 55 µL of 10 mmol × L
-1
 
disodium ATP to each tube and after 10 min the reactions were stopped by adding 150 mL 
volumes of 0.6 mmol × L
-1
 TCA (tri chloroacetic acid). The tubes were then centrifuged for 5 
min at 10,000 g. The activity of Na
+
/K
+ 
ATPase was determined spectrophotometrically at 
660nm and expressed as nmol Pi released per milligram of gill protein per minute (nmol.mg
-
1
.protein
-1
.min
-1
). The difference in measured activities between the non-inhibited and 
inhibited buffers was taken to represent the activity of Na
+
/K
+ 
ATPase. 
 
4.4.4.3 Glutathione-S-transferase 
GST activity was determined in the hepatopancreas and gills of C. destructor using the 
method of Habig et al. (1974). The gills and hepatopancreas were removed from yabbies and 
homogenised in 0.1M phosphate buffer, with a pH of 6.5. The tissue was then centrifuged for 
30 minutes at 4
°
C, 9,000 g. The supernatant was kept on ice for spectrophotometric 
measurement of GST activity assay at 340 nm. GST activity was expressed as nmol of 
substrate hydrolysed per min per mg of protein. 
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4.4.4.4 Insecticide measurement methods. 
Concentrations of CPF, MAL and METH in the water before and after 24h were measured 
and analysed by using a commercial enzyme immunoassay kit (Abraxis OP/Carbamate Assay 
Kit 96 Tests) according to manufacturer’s instructions. Measured concentration of CPF, MAL 
and METH in the water before and after 24h were typically within 10% of the nominal 
concentration (Table 4.1), indicating that the concentrations of all insecticides were stable 
during the tests. 
 
Table 4.1 Nominal and measured concentrations of chlorpyrifos, malathion and methomyl 
(mean ± SE) in water samples taken during the experiment (n=12). 
Insecticide Initial concentrations   Concentrations at 24 hour 
     0.5µg.L
-1
     2 µg.L
-1
      5 µg.L
-1
     0.5µg.L
-1
     2 µg.L
-1
     5 µg.L
-1
 
Chlorpyrifos 0.51 ± 0.01 2.04 ± 0.02 5.06 ± 0.04 0.50 ± 0.00 2.01 ± 0.00 5.02 ± 0.01 
Malathion 0.57 ± 0.08 2.26 ± 0.14 5.58 ± 0.08 0.53 ± 0.04 2.12 ± 0.01 5.43 ± 0.09 
Methomyl 0.54 ± 0.02 2.17 ± 0.05 5.47 ± 0.16 0.53 ± 0.01 2.15 ± 0.06 5.16 ± 0.02 
 
4.4.5 Data analysis 
All statistical tests were performed using the statistical software SPSS (version 16.0). The 
percent cholinesterase, Na
+
/K
+
ATPase and GST inhibition was calculated relative to the mean 
value of control yabby cholinesterase, Na
+
/K
+
ATPase and GST activity. The statistical 
significance of the biological responses of cholinesterase, Na
+
/K
+
ATPase and GST between 
the experimental treatments were determined by analysis of variance (ANOVA). The 
significance level was set at α=0.05. All variables were checked for normality and 
homogeneity by using the Kolmogorov- Smirnov and the Levene tests, respectively. 
Differences between treatments were compared using Tukey’s multiple comparisons test.  
 
4.5 Results and Discussion 
Exposure of C. destructor to the selected insecticides did not cause any mortality. Water 
quality parameters were stable during the experiment. For instance, pH ranged from 7.09 - 
7.28, temperature was 19.75 ± 0.73
0
C, and dissolved oxygen in the range 6.81-7.46 mg.L
-1
 in 
the exposure chambers.  
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Invertebrate biomarkers have been shown to be useful tools to assess ecosystem health (Hook 
et al., 2014). Organophosphorus and CB chemicals are known to act via inhibition of 
acetylcholinesterase by transphosphorylation or carbamylation, respectively. In this study it 
was observed that both AChE and BChE activities in the nervous system of C. destructor 
were negatively correlated with increasing concentration of insecticides (p < 0.001) (Figures 
4.1-4.2 A-C). Both AChE and BChE seem particularly affected by CPF since its activity is 
significantly reduced at concentrations of 0.5µg.L
-1
, unlike MAL and METH where 
significantly inhibition occurs only at concentrations of 2µg/L and above (Figures 4.1B, C). 
Based on AChE inhibition, the order of sensitivity of C. destructor to three insecticides was 
CPF > MAL > METH. The difference in the toxicity of these pesticides can be explained by 
the differences in their uptake, chemical structure and metabolism. Of the three pesticides, 
CPF and MAL have octanol/water partition coefficient (Kow) values (4.7 and 2.7, 
respectively) that make them bioavailable to C. destructor and therefore leading to more 
deleterious effects. On the other hand, METH has a low Kow value (1.24) and would tend not 
to bioaccumulate in aquatic biota, which would result in a lower inhibition of both AChE and 
BChE. This is consistent with Kumar et al. (2010) where higher rates of AChE inhibition 
effects on the freshwater shrimp (P. australiensis) were related to the Kow values of the 
pesticides carbaryl, chlorpyrifos, dimethoate and profenofos. 
 
In the current investigation, C. destructor exposure to CPF caused the most deleterious effects 
at 2 µg.L
-1
and 5 µg.L
-1
 (30.0% and 38.8% AChE inhibition, respectively). A lower level of 
inhibition was observed with exposure to MAL at the same pesticide concentrations (21.6% 
and 32.7% inhibition). Methomyl was the least toxic to C. destructor with 30.9 % inhibition 
at 5 µg.L
-1
. These findings are similar to those obtained by other authors using decapods 
(Kumar et al., 2010; Tu et al., 2009). 
 
After 14 days in clean water, the AChE and BChE activities in C. destructor exposed to 
METH (Figures 4.1C and 4.2 C) recovered more rapidly compared to those exposed to CPF 
and MAL (Figures 4.1 A,B and 4.2 A,B). For instance, C. destructor exposed to 2 and 5 µg.L
-
1
METH for 96 hours exhibited 25-36% AChE inhibition (Figure 4.1 C), with 77-82% 
recovery in AChE inhibition was observed within 14 days (Figure 4.1 C). However, C. 
destructor exposed to 2 and 5 µg.L
-1
 of CPF and MAL still had significantly marked AChE 
inhibition (15-18%) after 14 days, p<0.001(Figures 4.1A, B). Similarly, CPF, MAL and 
METH exposed C. destructor also showed significant recovery in BChE activity after 14 days 
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(Figure 4.2 A-C), although BChE activity in C. destructor exposed to METH (Figure 4.2 C) 
recovered more rapidly compared with C. destructor exposed to CPF and MAL (Figure 4.2 
A, B). These results seem to suggest different mechanisms of recovery for the different 
pesticides. Recovery of enzymes is defined as a significant increase in the enzyme activity 
that occurs following cessation of exposure to chemical agents. Recovery depends on the 
chemicals, species and time of recovery. For instance, AChE inhibition still occurred days 
after exposure had ended in crab (Habig et al., 1986) and lobster (McHenery et al., 1991). In 
the current investigations, upon transfer to clean water, the AChE activity of C. destructor 
exposed to CPF, MAL and METH significantly increased within the 14 days recovery period, 
albeit recovery was more rapid in yabbies exposed to METH compared to those that had been 
exposed to CPF and MAL. The differences in the rates of recovery may be related to the level 
of AChE inhibition imposed or the bio-activation potential of the anticholinesterase 
insecticides (Abdullah et al., 1994).  
 
 
 
 
Afkafjkf;lafh;hfl 
 
 
Figure 4.1 AChE activity (µmol.g
-1 
brain tissue. min
-1
) of C. destructor exposed to different 
concentrations of CPF (A), MAL (B) and METH (C) for  4 days (dark bars) and after 14 days 
of recovery (pattern filled bars). Data presented as mean ± SE, n= 6. In each insecticide, the 
means indicated with different letters are significantly different from control and each other 
(ANOVA, Tukey’s test, P<0.05). 
 
Additionally, in this study we showed that crayfish were able to recover after a period of 
exposure at rates similar to those reported to organisms belonging to higher taxonomic groups 
such as fish. For instance, Huynh and Nugegoda (2012) reported that AChE activity in the 
catfish Tandanus tandanus exposed to 2 µg.L-1 CPF for 22 hours recovered about 76% after 
2 to 4 weeks, percentages that are similar to those obtained for crayfish in this study. The 
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current study demonstrates that crayfish, though at a lower taxonomic level, are similar to fish 
in their ability to recover enzymatic activity in their nervous system after pesticide insult.   
 
 
 
 
 
 
 
 
Figure 4.2 BChE activity (µmol.g
-1
 brain tissue. min
-1
) of C. destructor exposed to different 
concentrations of CPF (A), MAL (B) and METH (C) for  4 days (dark bars) and after 14 days 
of recovery (pattern filled bars). Data presented as mean ± SE, n= 6. In each insecticide, the 
means indicated with different letters are significantly different from control and each other 
(ANOVA, Tukey’s test, P<0.05). 
 
It is thought that insecticides act on the cell membranes by modifying their structural and 
functional integrity as well as by affecting membrane bound enzymes such as total ATPase 
(Rauchová et al., 1995). In this study, the Na
+
/K
+
ATPase activity of yabbies exposed to 0.5 
µg.L
-1
 of CPF, MAL or METH was not significantly different from the control. However, 
when exposed to higher concentrations (2 and 5 µg.L-1), C. destructor ATPase activity was 
significantly lower than that of the control for all insecticides tested (p<0.005) (Figure 4.3A-
C). ATPase inhibition has been previously reported as consequence of pesticide exposure. 
The total ATPase activity in white leg shrimp (Litopenaeus vannamei) exposed to methyl 
parathion was significantly lower than that of the control (Comoglio et al., 2005). ATPase 
activity across various tissues of eel (Anguilla Anguilla) was inhibited after exposure to 
thiobencarb (Sancho et al., 2003). It is thought that this decrease in ATPase activity its caused 
by an allosteric change that results from the partitioning in the enzyme complex exerted by 
the aquatic pollutants (Reddy et al., 1992). 
 
After the recovery period, all the Na
+
/K
+
ATPase activities measured were similar to the 
controls (Figure 4.3A-C), suggesting that Na
+
/K
+
ATPase recovery period was not influenced 
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neither by the concentration of insecticide nor by its type (OP or CB). This quick recovery 
was unlikely to be due to the enzyme being regenerated by de novo synthesis, but probably 
just by reversing the allosteric change in the Na
+
/K
+
ATPase Contrary other studies, C. 
destructor Na
+
/K
+
ATPase in gills recovered completely. According to Begum (2009) ATPase 
activity on the freshwater fish, Clarias batrachus exposed to cypermethrin showed only slight 
recovery in tissues like gill, kidney and muscle, even after 10 days of recovery.  
 
 
 
 
 
 
 
 
The GST activity in the hepatopancreas of yabbies exposed to 0.5 µg.L
-1
 CPF, MAL or  
 
Figure 4.3 Na+/K+ ATPase activity (nmol.mg
-1
.protein
-1
.min
-1
) in gills of  C. destructor 
exposed to different concentrations of CPF (A), MAL (B) and METH (C) for  4 days (dark 
bars) and after 14 days of recovery (pattern filled bars). Data presented as mean ± SE, n= 6. In 
each insecticide, the means indicated with different letters are significantly different from 
control and each other (ANOVA, Tukey’s test, P<0.05). 
 
METH for 96 hours was not significantly different from those in the control. However, there 
was less GST activity in the hepatopancreas of yabbies exposed to the CPF and MAL at 2 
µg.L
-1
 and 5 µg.L
-1
 and METH at 5 µg.L
-1
 (Figure 4.4 A-C).  This is broadly consistent with 
the lack of effects of OPs on GST activity in wolf spider (Lycosa hilaris) when exposed to 
CPF (Van Erp et al., 2002) and Chironomus riparius exposed to pirimiphos methyl (Kheir et 
al., 2001). GST activity is generally induced to resist pollutant toxicity by generating less 
toxic and more hydrophilic molecules (Olsen et al., 2001), thus playing a critical role in 
protecting cells from  oxidative damage by conjugating breakdown products of lipid 
peroxides to GSH (Barata et al., 2004; Fernandes et al., 2008). The limited GST inhibition 
observed may, therefore, be related to diminished levels of GSH susceptible to being 
conjugated. However, inhibitory effects have also been reported in aquatic vertebrates. For 
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instance, GST activity was significantly inhibited in fish (Gambusia yucatana) when exposed 
to 60 g.L-1 of carbofuran (Rendón-von Osten et al., 2005).  
 
Complete recovery in GST activity was observed after 14 days in clean water (Figure 4.4 A-
C). Despite this recovery, any extensive deterioration of the tissue and the loss of normal 
metabolic processes for further synthesis of enzymes could ultimately decrease GST activity. 
The amount of GST for conjugation of xenobiotics might in turn be limited by the shifting 
and depletion of the reduced glutathione pool to oxidized glutathione through the oxidation 
protection pathway (Ventura et al., 2002).  
 
 
 
 
 
 
 
 
 
Figure 4.4 Glutathione–S-transferase activity (GST) (nmol.mg-1. protein. min-1)  in the 
hepatopancreas of C. destructor exposed to different concentrations CPF (A), MAL (B) and 
METH (C) for  4 days (dark bars) and after 14 days of recovery (pattern filled bars). Data 
presented as mean ± SE, n= 6. In each insecticide, the means indicated with different letters 
are significantly different from control and each other (ANOVA, Tukey’s test, P<0.05). 
 
4.6 Conclusion 
Aquatic species may be exposed to many different pesticides at low concentration due to 
spray drift and run-off. Evaluating the potential impairments of the significant biological 
functions of an organism at sub-lethal concentration is necessary. The use of biochemical 
biomarkers may allow early prediction the effect of chemical agents that may occur at higher 
levels of biological organisation. Yabbies are susceptible to pesticides that are commonly 
used in agriculture and are likely to be a good indicator of even low levels of contamination 
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that might occur through spray drift and runoff. However, the quick recovery observed in the 
biomarkers assessed also suggests that they are a good indicator of short-term exposures. 
Ultimately, these laboratory-based results need to be confirmed in field situations where 
yabbies would be compared to unexposed control animals. Furthermore, knowledge about 
how the activity of these enzymes changes with physiological state, sex temperature and 
developmental stage is required. 
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CHAPTER 5         THE EFFECT OF BINARY AND TERNARY COMBINATIONS OF 
CHLORPYRIFOS, MALATHION AND METHOMYL TO CHERAX DESTRUCTOR 
 
The chapter has been accepted for publication in the peer-reviewed literature, and is presented 
here after with only minor modifications to adjust formatting to the requirements of a Thesis 
and avoid unnecessary duplication of text.  
Pham, B., Miranda, A., Allinson, G. & Nugegoda, D. 2018 Assessing interactive 
mixture toxicity of carbamate and organophosphorus insecticides in the yabby 
(Cherax destructor) using acetylcholinesterase inhibition as an endpoint. 
Ecotoxicology https://doi.org/10.1007/s10646-018-1973-x 
 
5.1 Abstract 
Carbamate (CB) and organophosphorus (OP) pesticides are commonly detected in aquatic 
ecosystems and predominantly occur as mixtures of varying complexity. These pesticides 
inhibit the activity of acetylcholine (AChE), Na
+
/K
+
ATPase and glutathion S-transferase and 
thus have the potential to interfere with behaviours that may be essential for the survival of 
aquatic species. Although the effects of individual AChE, Na
+
/K
+
ATPase and glutathion S-
transferase insecticides on aquatic species have been reported for decades, the neurotoxicity 
of mixtures is still poorly understood. This study examined the toxicities of two OP 
insecticides (chlorpyrifos (CPF) and malathion (MAL)) and one carbamate insecticide 
(methomyl (METH)) in binary and ternary mixtures on the AChE, Na
+
/K
+
ATPase and 
glutathion S-transferase activity of the yabby (C. destructor). Using the concentration 
addition approach to estimate mixture toxicity, the observed inhibition of AChE, 
Na
+
/K
+
ATPase and glutathion S-transferase activity caused by binary and ternary mixtures of 
CPF, and METH MAL were synergistic, greater than additive, less than additive and 
antagonistic depending on the relative ratios of these chemicals in the mixtures. The effect of 
mixtures of these three insecticides on C. destructor has not previously been assessed, and the 
data suggest that individual chemical risk assessments are likely to incorrectly estimate the 
effect of these insecticides on C. destructor in the aquatic environment where combinations 
of such chemicals occur.  
 
5.2 Keywords: Cherax destructor, chlorpyrifos, malathion. methomyl, acetylcholinesterase. 
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5.3 Introduction  
Organisms living in streams near agricultural areas are exposed to complex mixtures of 
chemicals, some natural, many not (Firpo, 2011). These chemicals enter the water bodies 
directly or indirectly, potentially resulting in adverse effects on various non-target aquatic 
organisms, including aquatic invertebrates, raising concerns about their potential to cause 
harm to wildlife population (Li et al., 2008; Xuereb et al., 2009). Unambiguously linking 
ecological effects to specific stressors is difficult due to spatial and temporal variability of 
both stressors and natural communities, but macroinvertebrate community changes have been 
linked to pesticide contamination in Victoria’s Yarra River ( ch fer et al., 20  ). 
 
Both carbamate (CB) and organophosphate (OP) insecticides interfere with cholinergic 
neurotransmission by inhibiting acetylcholinesterases (AChE). Their toxicity has been 
observed in many aquatic species, including fish (Huynh and Nugegoda, 2012; Kirby et al., 
2000; Moore and Teed, 2013), and macroinvertebrates such as such shrimp (Key and Fulton, 
2006; Olima et al., 1997; Tu et al., 2009) and crayfish  ( scart  n and Porte, 1996; Pham et al., 
2017). Most assessments of the environmental risks of CB and OP pesticides are based on 
exposing organisms to a single pesticide, yet the reality is that pesticides rarely occur alone 
and most frequently occur as part of complex, multi-pesticide mixtures (Gilliom, 2007; 
Junghans et al., 2006; Verro et al., 2008). Therefore, evaluating the cumulative effect of 
pesticide mixtures has been challenge not only for environmental health research (Monosson, 
2005) but also for  ecotoxicology (Eggen et al., 2004) for the past several decades (Laetz et 
al., 2009). It is not feasible to toxicologically test each and every chemical combination and 
therefore, predictive models are necessary for ecological risk assessments, which can estimate 
the toxicity of chemical mixtures (Lydy et al., 2004; Vighi et al., 2003). The concentration 
addition (CA) approach has been recommended by the National Academy of Sciences in the 
United States when assessing the toxicity of insecticide mixtures to human infants and 
children as they share a common mode of toxic action (NRC, 1993), and has been 
successfully been applied to multi-component mixtures of different types of similarly acting 
pesticides (Drost et al., 2003; Faust et al., 2001). The assumption of concentration addition 
for AChE pesticide mixtures has been extended to aquatic life (Junghans et al., 2006). The 
mixtures of contaminants with the same modes of action tend to be best modelled by CA 
(Altenburger et al., 2003; Backhaus et al., 2004; Faust et al., 2000) and the CA model has the 
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overall tendency to provide conservatively high estimates of toxicity compared to the 
independent action model (Belden et al., 2007). 
 
Chlorpyrifos (CPF) and malathion (MAL) are organothiophosphate insecticides that are 
converted to their active OP form when metabolized by insects; for ease of clarity in this 
paper, these chemicals are considered OPs. Use of CPF and MAL in domestic situations is 
restricted or prohibited in some jurisdictions (Eaton et al., 2008; EPA, 2016), but these 
chemicals and the carbamate insecticide methomyl (METH) are still registered for domestic, 
commercial and industrial use in Australia. Ecological risk assessments based on individual 
CB and/or OP exposures may not adequately protect aquatic ecosystems because the joint 
action of the constituents of pesticide mixtures can lead to the observation of greater or lesser 
toxicity than may occur when those chemicals are present alone. Consequently, although CB 
and OP pesticides share a common mode of action (Laetz et al., 2009; Mileson et al., 1998), 
assessing cumulative risk from exposures to OP and CB pesticide mixtures remains a 
challenge (Laetz et al., 2013).  
 
Freshwater crayfish, such as the yabby (Cherax destructor), are considered critical for 
maintaining energy flow throughout aquatic ecosystems. They utilize sediment, dead organic 
material, aquatic macrophytes, and invertebrates for food and transfer this energy among 
various trophic levels (Lodge et al., 1994; Momot et al., 1978). Because species such as the 
yabby tolerate a wide range of water quality and can thrive in degraded aquatic environments 
such as farm dams, drains and rivers flowing through agro-ecosystems across much of 
Australia, in some circumstances, yabbies may be threatened by exposure to OP and CB 
pesticides, singly or as mixtures. Yabbies may accumulate contaminants, including 
insecticides, from surrounding media or food; subsequent storage of these chemicals in their 
tissues can lead to toxicity, either to the yabby or to organisms higher in the food chain. 
Yabbies are popular as food across their range and any contaminant bioaccumulation may 
result in human health hazards.   
 
In Pham et al. (2017) (Chapter 4), we evaluated the non-lethal effect of CPF, MAL and 
METH insecticides on yabbies using different biomarkers. In this study, the nature of 
interactions between CPF, MAL and METH in different ratio mixtures on yabbies was 
determined using the concentration addition model (CA) based on model deviation ratio 
(MDR) values (Faust et al., 2000). The CA model allows the prediction of the joint action at 
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all effect levels for different combinations of several chemicals without chemical structure or 
mechanism of action information. In environmental risk assessment, this method has been 
widely used for evaluating the effect of chemical interactions on different fish such as carp 
(Cyprinus carpio), and salmon (Oncorhynchus kisutch) (Chen et al., 2014; Moore and Teed, 
2013). The interaction of CPF, MAL and METH in yabbies has not previously been reported. 
In that context the aim of this study was to evaluate the chronic toxicities of two OP 
insecticides (CPF  and MAL) and one carbamate insecticide (METH) in binary and ternary 
mixtures on the total ChE activity of the yabby (C. destructor). To define the extent to which 
CB and OP insecticides in mixtures interact, in this study we exposed juvenile yabbies (C. 
destructor) to a range of binary and ternary combinations of two OP insecticides (CPF and 
MAL) and one CB insecticide (METH). The individual CPF, MAL and METH 
concentration-response curves for AChE, Na
+
/K
+ 
ATPase and GST inhibitions by insecticides 
were then used with the CA model to determine the type of joint action that occurred in these 
insecticide combinations. 
 
5.3 Materials and methods 
5.3.1 Juvenile yabbies: see Chapter 4.4.3 (page 42) 
5.3.2 Chemicals:  see Chapter 4.4.1 (page 43) 
5.3.3 Insecticides single and mixture exposures 
The yabbies were exposed to single concentrations of CPF (2 µg.L
-1
), MAL (2 µg.L
-1
) and 
METH (2 µg.L
-1
) as well as to three binary and one ternary mixtures made up of different 
ratios of CPF, MAL and METH at 2 µg.L
-1
 (Table 5.1). Each treatment consisted of twelve 
yabbies stocked individually in twelve glass beakers. Each glass beaker (capacity 600 ml) 
was filled with 500 ml of exposure solution and one yabby. The yabbies were exposed for a 
period of 96h and were not fed during the exposure period. Afterwards, half of the yabbies 
from each treatment were killed for analysis of ChE activity. The remaining yabbies were 
held clean water during 14 days for recovery. The yabbies were starved during the exposure 
but fed three times per week with commercial food pellets during the recovery period. During 
this semi-static exposure test, the water in each glass beaker was renewed every 24h by 
replacing 100 % of the exposure water. Dissolved oxygen, pH and temperature were 
measured daily during the 96 h exposures. No mortality was observed at any of the single and 
mixture chemical exposures.  
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Table 5.1 Mixture ratios of binary and ternary equivalent concentration mixture experiments.  
Pesticides
 
             Mixture ratios  Number of 
replicates 
CONTROL  12 
CPF only  12 
MAL only  12 
METH only   12 
CPF - MAL 1:1;  1:2;  1:3;  2:1;  3:1   12 
CPF - METH 1:1;  1:2;  1:3;  2:1;  3:1  12 
MAL - METH 1:1;  1:2;  1:3;  2:1;  3:1   12 
CPF - MAL - METH 1:1:1;  1:1:2;  1:2:1, 1:2:2;  2:1:1;  2:1:2;  2:2:1 12 
CPF= chlorpyrifos; MAL = malathion; METH = methomyl. 
 
5.3.4 Determination of AChE, Na
+
/K
+
ATPase and GST enzyme activity: see Chapter 
4.4.4.1- 4.4.4.3 (page 42-43) 
5.3.5 Insecticide measurement methods: see Chapter 4.4.4.4 (page 44) 
5.3.6 Data analysis 
The percent AChE, Na
+
/K
+
ATPase and GST inhibitions were calculated relative to the mean 
value of AChE, Na
+
/K
+
ATPase and GST activity in the control. The concentration of each 
mixture that caused a 25% enzyme inhibition (EC25) was determined by fitting non-linear 
regression curves of AChE, Na
+
/K
+
ATPase and GST inhibitions. The non-linear regression 
performed by Prism 7.04 uses log transformation of the concentrations and generates an 
estimate of the log transformation of EC25. Analysis of variance (ANOVA) was used to 
determine the statistical significance of the biological responses of AChE, Na
+
/K
+
ATPase and 
GST between the experimental treatments. The significance level was set at α=0.05. Data 
normality and the homogeneity of variance were analysed by using the Kolmogorov-Smirnov 
and the Levene tests, respectively. Differences between treatments were compared using 
Tukey’s multiple comparisons test.  
 
5.3.7 Calculation of the toxicity according to the concentration addition (CA) model 
The CA model is generally defined by the formula: 
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) 
where ECxmix is the total concentration of the mixture that cause x% effect; Pi shows the 
proportion of component i in the mixture; n indicates the number of components in the 
mixture, and ECxi indicates the concentration of component i that would cause x% effect 
(Faust et al., 2000).  
 
The toxic potentials for CPF, MAL and METH insecticides on an individual basis were 
derived by calculating EC25 concentrations (the concentration estimated to produce a 25% of 
AChE, Na
+
/K
+
ATPase or GST inhibition relative to carrier controls) from the AChE, 
Na
+
/K
+
ATPase or GST inhibition concentration-response relationship reported by (Pham et 
al. (2017). 
 
5.3.8 Determining the type of pesticides mixture joint action 
If the observed mixture toxic concentration (EC25) fell within the 95% confidence intervals 
of the expected value of the CA model, then the mixture was considered to conform to the 
CA model. On the other hand, if an observed mixture toxicity value was outside the 95% 
confidence intervals of the expected value, then the mixture potentially may not conform to 
the CA model.  
The model deviation ratio (MDR) approach (Belden et al., 2007) was used to enable a 
quantitative estimation of the difference in the predicted and measured toxicity. In this study 
the MDR was derived by the ratio between expected concentration and observed 
concentration which caused 25% of AChE enzyme inhibition. MDR values greater than 1.3 
mean that the toxicity of the mixture conforms with synergism while values less than 0.7 are 
taken to conform to antagonism. The toxicity of the mixtures is greater than additive if 1.0 < 
MDR > 1.3 and less than additive if 0.7 < MDR > 1.0.   
 
5.4 Results 
5.4.1 Pesticide mixture  
Based on previous single exposures with the pesticides CPF, MAL and METH, individual 
measured concentrations were stable during the tests (Pham et al. 2017; Chapter 4).   
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Table 5.2 Initial and concentrations at 24h of pesticide mixture (mean ± SE) in water samples 
taken during the experiment (n=12). 
Pesticide mixture ratios Initial concentrations 
(µg.L
-1
) 
Concentrations at 24 h 
(µg.L
-1
) 
Chlorpyrifos - malathion 
CPF1 MAL1 4.51 ± 0.27 4.16 ± 0.43 
CPF1 MAL2 4.63 ± 0.38 4.23 ± 0.29 
CPF1 MAL3 4.39 ± 0.32 4.09 ± 0.31 
CPF2 MAL1 4.52 ± 0.19 4.09 ± 0.35 
CPF3 MAL1 4.45 ± 0.41  4.15 ± 0.28 
Chlorpyrifos - methomyl 
CPF1 METH1 4.53 ± 0.15 4.11 ± 0.24 
CPF1 METH2 4.39 ± 0.46 4.05 ± 0.29 
CPF1 METH3 4.47 ± 0.29 4.19 ± 0.15 
CPF2 METH1 4.58 ± 0.31 4.17 ± 0.37 
CPF3 METH1 4.26 ± 0.39 3.96 ± 0.31 
Malathion - methomyl 
MAL1 METH1 4.63 ± 0.35 4.32 ± 0.42 
MAL1 METH2 4.62 ± 0.36 4.31 ± 0.19 
MAL1 METH3 4.40 ± 0.24 4.08 ± 0.29 
MAL2 METH1 4.57 ± 0.22 4.29 ± 0.31 
MAL3 METH1 4.77 ± 0.27 4.23 ± 0.28 
Chlorpyrifos – malathion - methomyl 
CPF1 MAL1 METH1 5.40 ± 0.51 5.02 ± 0.28 
CPF1 MAL1 METH2 5.41 ± 0.40 4.98 ± 0.37 
CPF1 MAL2 METH1 5.72 ± 0.26 5.38 ± 0.52 
CPF1 MAL2 METH2 5.76 ± 0.32 5.41 ± 0.29 
CPF2 MAL1 METH1 5.62 ± 0.30 5.22 ± 0.34 
CPF2 MAL1 METH2 5.69 ± 0.38 5.30 ± 0.26 
CPF2 MAL2 METH1 5.59 ± 0.35 5.27 ± 0.41 
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Thus, in this study the initial pesticides concentrations were measured as the sum of the 
insecticidal concentration in the respective mixtures in the water. Concentrations were 
measured before exposure and after 24 h using a commercial enzyme immunoassay kit. Initial 
measured concentrations were generally between 85% and 115% of the nominal 
concentration (Table 5.2). Water samples collected at 24 h indicated a modest loss within 
10% of the nominal concentration (Table 5.2). Hence despite the marginally different 
degradation rates for each of the pesticides in the mixture it is clear that this were no 
detectable changes in concentration of the pesticides. 
 
Exposure to CPF, MAL or METH insecticides for 96 hr resulted in sub-lethal, concentration-
dependent decrease of the AChE activity in the nervous system of juvenile C. destructor. 
There was no mortality was observed at any of the single chemical exposure concentrations 
(0.5 – 5 µg.L-1) (Pham et al., 2017; Chapter 4). According to EC25 values for AChE 
inhibition, the relative potencies of the three pesticides vary, with CPF > MAL > METH 
(Table 5.3).  
 
Table 5.3 Concentration used in individual insecticide exposure and the parameters of the 
curve fit of the concentration-response data for each individual insecticide. 
Pesticides Concentration range µg.L
-1 
EC25 Slope R
2
 
Chlorpyrifos 0.5 – 5.0 1.721 - 0.959 0.95 
Malathion 0.5 – 5.0 2.330 - 0.856 0.98 
Methomyl 0.5 – 5.0 2.364 - 0.867 0.99 
 
5.4.2 The effect of pesticide mixture on acetylcholinesterase  
The AChE activity in the nervous system of yabbies exposed to different ratio mixtures of 
CPF, MAL and METH for 4 days and after 14 days of recovery was significantly different 
from the controls as shown by the percent AChE inhibition in each ratio mixture (Figure 5.1 
to 5.4). CPF, MAL, and METH were combined in different ratios in binary and ternary 
mixtures to yield predicted ChE inhibition of 25% in the nervous system of exposed C. 
destructor based on the concentration-response relationships for individual insecticides. 
There were 4 different types of joint action observed depending on the different ratios in the 
mixture (Table 5.4, Figure 5.1 to 5.4). 
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In this context, the predicted toxicity value (EC25) of the combinations CPF1MAL1, 
CPF2MAL1, CPF3MAL1, CPF1METH2, CPF2METH1, CPF3METH1, MAL1METH2, 
MAL3METH1, and MAL3METH1 were significantly greater than observed  (MDR values > 
1) suggesting a greater than additive action (Table 5.4). The predicted toxicity value (EC25) of 
the combinations CPF1METH1 and MAL2METH1 were very much greater than observed 
(MDR values > 1.3) and could be classified as synergistic. The predicted toxicity value 
(EC25) of the combinations, CPF1MAL2, CPF1MAL3, CPF1METH3, MAL1METH1, 
CPF2MAL1METH2, CPF2MAL2METH1, and CPF1MAL2METH2 were less than the 
observed toxicity (MDR values < 1); hence it was concluded that these mixtures conformed 
to less than additive actions (Table 3). Finally, the predicted toxicity value (EC25) of the 
mixtures CPF1MAL2METH1, CPF2MAL1METH1, CPF1MAL1METH1 and 
CPF1MAL1METH2 were significantly less than the observed toxicity, with MDR < 0.7 and 
as such these mixtures are considered antagonistic (Table 5.4). 
 
By the end of the 2 week recovery period in clean water, the ChE activity was significantly 
increased in the nervous system of C. destructor exposed to CPF, MAL and METH alone or 
in the different mixtures of (Figure 5.1 to 5.4). However, the rate of ChE recovery in C. 
destructor exposed to single insecticides was faster than those exposed to mixtures. For 
instance, C. destructor exposed to single concentrations of CPF, MAL and METH at 2 µg.L
-1 
for 96 h exhibited a 22-32% ChE inhibition (Figure 5.1 to 5.4), with 73-83% recovery in the 
ChE activity after two weeks (Figure 5.1 to 5.4). However, ChE inhibition in yabbies exposed 
to mixtures of these insecticides was still significantly reduced (10-29%), p<0.05 (Figure 5.1 
to 5.4) 
Based on the effect of different combinations of CPF, MAL and METH insecticides on the 
activity of AChE, the results indicated that more than 52 % were greater than additive and 17 
% was synergistic, 23 % less than additive and 6 % was antagonism (Figure 5.5). This 
indicated that the effect of most mixtures of these insecticides on the AChE activity were 
higher than individual pesticides. 
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Table 5.4 Summarises of mixture toxicity assessments using the concentration addition 
approach for binary and ternary pesticide mixtures. 
Pesticide mixture ratios
a 
Equivalent concentration mixture 
Expected 
EC25 (µg/L) 
Observed  
EC25 (µg/L) 
MDR Type of join 
action
b 
Chlorpyrifos - malathion 
CPF1 MAL1 2.520 2.020 1.247 GA 
CPF1 MAL2 2.753 2.853 0.965 LA 
CPF1 MAL3 2.870 4.084 0.702 LA 
CPF2 MAL1 2.286 1.924 1.188 GA 
CPF3 MAL1 2.170 1.817 1.194 GA 
Chlorpyrifos - methomyl 
CPF1 METH1 2.370 1.815 1.305 SYN 
CPF1 METH2 2.553 2.272 1.123 GA 
CPF1 METH3 2.645 3.418 0.773 LA 
CPF2 METH1 2.186 2.175 1.004 GA 
CPF3 METH1 2.095 1.883 1.112 GA 
Malathion - methomyl 
MAL1 METH1 3.070 4.171 0.735 LA 
MAL1 METH2 3.020 2.670 1.130 GA 
MAL1 METH3 2.995 2.857 1.048 GA 
MAL2 METH1 3.120 2.197 1.419 SYN 
MAL3 METH1 3.145 2.488 1.263 GA 
Chlorpyrifos – malathion - methomyl 
CPF1 MAL1 METH1 2.600 7.680 0.338 AN 
CPF1 MAL1 METH2 2.540 4.052 0.626 AN 
CPF1 MAL2 METH1 2.445  2.28 0. 99 AN 
CPF1 MAL2 METH2 2.820 3.392 0.7 8 LA 
CPF2 MAL1 METH1 2.795 6.690 0.4 7 AN 
CPF2 MAL1 METH2 2.653 3.392 0.782 LA 
CPF2 MAL2 METH1 2.720 3.783 0.7 8 LA 
a CPF= chlorpyrifos; MAL = malathion; METH = methomyl. 
b SYN = synergism; GA = greater than additive; LA = less than additive; AN = antagonism. 
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Figure 5.1 Inhibition of AChE activity (%) of C. destructor exposure to different binary 
mixture ratios of chlorpyrifos and malathion for 4 days (dark bars) and after 14 days of 
recovery (pattern filled bars). Data presented as mean ± SE, n= 6). The means indicated with 
different letters are significantly different from control and each other (ANOVA, Tukey’s 
test, P<0.05). 
 
 
Figure 5.2 Inhibition of AChE activity (%) of C. destructor exposure to different binary 
mixture ratios of chlorpyrifos and methomyl for 4 days (dark bars) and after 14 days of 
recovery (pattern filled bars). Data presented as mean ± SE, n= 6). The means indicated with 
different letters are significantly different from control and each other (ANOVA, Tukey’s 
test, P<0.05). 
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Figure 5.3 Inhibition of AChE activity (%) of C. destructor exposure to different binary 
mixture ratios of malathion and methomyl for 4 days (dark bars) and after 14 days of 
recovery (pattern filled bars). Data presented as mean ± SE, n= 6). The means indicated with 
different letters are significantly different from control and each other (ANOVA, Tukey’s 
test, P<0.05). 
 
Figure 5.4 Inhibition of AChE activity (%) of C. destructor exposure to different ternary 
mixture ratios of chlorpyrifos, malathion and methomyl for 4 days (dark bars) and after 14 
days of recovery (pattern filled bars). Data presented as mean ± SE, n= 6). The means 
indicated with different letters are significantly different from control and each other 
(ANOVA, Tukey’s test, P<0.05). 
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Figure 5.5 Summary proportion of joint action based on the effect of three binary and one 
ternary mixture of CPF, MAL and METH insecticides on the AChE activity.  
 
5.4.3 The effect of pesticide mixture on Na
+
/K
+
ATPase  
The Na
+/
K
+ 
ATPase activity in the gills of yabbies exposed to different ratio mixtures of CPF, 
MAL and METH for 4 days and after 14 days of recovery was significantly different from 
those in the control, and the activity of Na
+/
K
+ 
ATPase in each ratio mixture is shown in 
Figure 5.6 to 5.9. Similar to AChE, the effect of pesticide mixture on the Na
+
/K
+
ATPase 
activity was also assessed by the concentration addition approach. There were 4 different 
types of joint action observed depending on the different ratios of mixture (Table 5.5). In this 
context, the predicted toxicity value (EC25) of the combinations CPF1MAL1, CPF1MAL2, 
CPF2MAL1, CPF3MAL1, CPF1METH3, MAL1METH1 and MAL3METH1 were 
significantly greater than observed  (MDR values > 1) suggesting a greater than additive 
action (Table 5.5). The predicted toxicity value (EC25) of the combinations CPF1METH2, 
CPF2METH1, CPF3METH1, MAL1METH2, CPF1MAL1METH2,  CPF1MAL2METH1, 
CPF1MAL2METH2, CPF2MAL1METH1 and CPF2MAL2METH1 were very much greater 
than observed (MDR values > 1.3) and could be classified as synergistic. The predicted 
toxicity value (EC25) of the combinations, CPF1MAL1METH1 was less than the observed 
toxicity (MDR values < 1); hence it was concluded that this mixture conformed to less than 
additive actions (Table 5.5). Finally, the predicted toxicity value (EC25) of the mixtures 
CPF2MAL1METH2, was significantly less than the observed toxicity, with MDR < 0.7 and 
as such this mixture is considered antagonistic (Table 5.5).  
52.94% 
23.52% 
17.64% 
5.88% 
Greater than additive
Less than additive
Synergism
Antagonism
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Table 5.5 Summarises of mixture toxicity assessments using the concentration addition 
approach for binary and ternary pesticide mixtures. 
Pesticide mixture ratios
a 
Equivalent concentration mixture 
Expected  
EC25 (µg/L) 
Observed  
EC25 (µg/L) 
MDR Type of join  
action
b 
Chlorpyrifos - malathion 
CPF1 MAL1 6.213 6.053 1.026 GA 
CPF1 MAL2 6.175 5.326 1.159 GA 
CPF2 MAL1 6.173 4.807 1.285 GA 
CPF3 MAL1 6.172 5.702 1.082 GA 
Chlorpyrifos - methomyl 
CPF1 METH2 7.145 3.206 2.231 SYN 
CPF1 METH3 7.356 2.678 1.258 GA 
CPF2 METH1 6.673 5.299 2.749 SYN 
CPF3 METH1 6.455 2.312 2.789 SYN 
Malathion - methomyl 
MAL1 METH1 6.216 5.279 1.176 GA 
MAL1 METH2 7.143 4.892 1.459 SYN 
MAL1 METH3 7.352 16.638 0.441 AN 
MAL2 METH1 6.672 10.537 0.632 AN 
MAL3 METH1 6.451 5.165 1.248 GA 
Chlorpyrifos – malathion - methomyl 
CPF1 MAL1 METH1 6.662 9.460 0.703 LA 
CPF1 MAL1 METH2 6.893 2.438 2.825 SYN 
CPF1 MAL2 METH1 6.535 2.438 2.677 SYN 
CPF1 MAL2 METH2 6.34  3.059 2.072 SYN 
CPF2 MAL1 METH1 6.534 4.068 1.605 SYN 
CPF2 MAL1 METH2 6.721 11.029 0.609 AN 
CPF2 MAL2 METH1 6.342 3.234 1.960 SYN 
a CPF= chlorpyrifos; MAL = malathion; METH = methomyl. 
b SYN = synergism; GA = greater than additive; LA = less than additive; AN = antagonism. 
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Figure 5.6 Na
+
/K
+
ATPase activity (nmol.mg
-1
.protein
-1
.min
-1
) in gills of  C. destructor with 
exposure to different binary mixture ratios of CPF and MAL  for  4 days and after 14 days of 
recovery. Data presented as mean ± SE, n= 6. In each ratio, the means indicated with different 
letters are significantly different from control and each other (ANOVA, Tukey’s test, 
P<0.05). 
 
 
Figure 5.7 Na
+
/K
+
ATPase activity (nmol.mg
-1
.protein
-1
.min
-1
) in gills of  C. destructor with 
exposure to different binary mixture ratios of CPF and METH  for  4 days and after 14 days 
of recovery. Data presented as mean ± SE, n= 6. In each ratio, the means indicated with 
different letters are significantly different from control and each other (ANOVA, Tukey’s 
test, P<0.05). 
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Figure 5.8 Na
+
/K
+
ATPase activity (nmol.mg
-1
.protein
-1
.min
-1
) in gills of  C. destructor with 
exposure to different binary mixture ratios of MAL and METH  for  4 days and after 14 days 
of recovery. Data presented as mean ± SE, n= 6. In each ratio, the means indicated with 
different letters are significantly different from control and each other (ANOVA, Tukey’s 
test, P<0.05). 
 
 
Figure 5.9 Na
+
/K
+
ATPase activity (nmol.mg
-1
.protein
-1
.min
-1
) in gills of  C. destructor with 
exposure to different ternary mixture ratios of CPF, MAL and METH  for  4 days and after 14 
days of recovery. Data presented as mean ± SE, n= 6. In each ratio, the means indicated with 
different letters are significantly different from control and each other (ANOVA, Tukey’s 
test, P<0.05). 
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Figure 5.10 Summary proportion of joint action based on the effect of three binary and one 
ternary mixture of CPF, MAL and METH insecticides on the  Na
+
/K
+
ATPase activity. 
 
Based on the effect of different combinations of CPF, MAL and METH insecticides on the 
activity of Na
+
/K
+
ATPase, the results indicated that more than 35% were greater than additive 
and 45% was synergistic, 5% less than additive and 15% was antagonism (Figure 5.10). This 
indicated that the effect of most mixtures of these insecticides on the Na
+
/K
+
ATPase activity 
were higher than individual pesticides. 
 
5.4.4 The effect of pesticide mixture on GST 
The GST activity in the liver of yabbies exposed to different ratio mixtures of CPF, MAL and 
METH for 4 days and after 14 days of recovery was generally significantly different from 
those in the control, and the GST activity in each ratio mixture was shown in Figure 5.11 to 
5.14. Similar to AChE and Na
+
/K
+
ATPase, the effect of pesticide mixtures on the GST 
activity was also assessed by the concentration addition approach. There were four different 
types of joint action observed depending on the different ratios of mixtures (Table 5.6). In this 
context, the predicted toxicity value (EC25) of the combinations CPF1MAL1, CPF2MAL1, 
CPF2METH1, MAL1METH2, CPF1MAL2METH1 and CPF2MAL1METH1 were less than 
the observed toxicity (MDR values < 1); hence it was concluded that these mixtures 
conformed to less than additive actions (Table 5.6).  
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Table 5.6 Summarises of mixture toxicity assessments using the concentration addition 
approach for binary and ternary pesticide mixtures. 
Pesticide mixture ratios
a 
Equivalent concentration mixture 
Expected 
EC25 (µg/L) 
Observed  
EC25 (µg/L) 
MDR Type of join 
action
b 
Chlorpyrifos – malathion 
CPF1 MAL1 2.711 3.241 0.836 LA 
CPF1 MAL2 2.896 19.305 0.150 AN 
CPF2 MAL1 2.543 3.028 0.839 LA 
CPF3 MAL1 2.472 4.317 0.572 AN 
Chlorpyrifos – methomyl 
CPF1 METH1 3.197 5.341 0.598 AN 
CPF1 METH2 3.703 2.891 1.280 GA 
CPF1 METH3 4.016 3.165 1.268 GA 
CPF2 METH1 2.816 15.060 0.186 AN 
CPF3 METH1 2.659 2.970 0.895 LA 
Malathion – methomyl 
MAL1 METH1 4.149 11.723 0.353 AN 
MAL1 METH2 4.484 5.007 0.895 LA 
MAL1 METH3 4.694 6.844 0.685 AN 
MAL2 METH1 3.861 23.310 0.165 AN 
MAL3 METH1 3.717 14.204 0.261 AN 
Chlorpyrifos – malathion – methomyl 
CPF1 MAL1 METH1 3.267 4.957 0.658 AN 
CPF1 MAL1 METH2 3.663 8. 03 0.452 AN 
CPF1 MAL2 METH1 3.298 4. 78 0.787 LA 
CPF1 MAL2 METH2 4.098 2.625  .560 SYN 
CPF2 MAL1 METH1 2.941 3.439 0.854 LA 
CPF2 MAL1 METH2 3.326 5.485 0.589 AN 
CPF2 MAL2 METH1 3.012 5.662 0.531 AN 
a CPF= chlorpyrifos; MAL = malathion; METH = methomyl. 
b SYN = synergism; GA = greater than additive; LA = less than additive; AN = antagonism. 
 
69 
 
The predicted toxicity value (EC25) of the mixtures CPF1MAL2, CPF3MAL1, 
CPF1METH1, CPF2METH1, MAL1METH1, MAL1METH3, MAL2METH1, 
MAL3METH1, CPF1MAL1METH1, CPF2MAL2METH2, CPF2MAL1METH2, and 
CPF2MAL2METH1 were less than the observed toxicity, with MDR < 0.7 and as such these 
mixtures are considered antagonistic (Table 5.6). The predicted toxicity value (EC25) of the 
combinations CPF1METH2 and CPF1METH3, were greater than observed (MDR values > 1) 
suggesting a greater than additive action (Table 5.6). Finally, the predicted toxicity value 
(EC25) of the combinations CPF1MAL2METH2, and CPF2MAL2METH1 was very much 
greater than observed (MDR values > 1.3) and could be classified as synergistic (Table 5.6).  
 
 
Figure 5.11 Glutathione S-transferase activity (GST) (nmol.mg
-1
. Protein. Min
-1
)  in the 
hepatopancreas of C. destructor exposed to different binary mixtures of CPF and MAL for  4 
days and after 14 days of recovery. Data presented as mean ± SE, n= 6. In each insecticide, 
the means indicated with different letters are significantly different from control and each 
other (ANOVA, Tukey’s test, P<0.05). 
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Figure 5.12. Glutathione S-transferase activity (GST) (nmol.mg
-1
. Protein. Min
-1
)  in the 
hepatopancreas of C. destructor exposed to different binary mixtures of CPF and METH for  
4 days and after 14 days of recovery. Data presented as mean ± SE, n= 6. In each insecticide, 
the means indicated with different letters are significantly different from control and each 
other (ANOVA, Tukey’s test, P<0.05). 
 
 
Figure 5.13 Glutathione S-transferase activity (GST) (nmol.mg
-1
. Protein. Min
-1
)  in the 
hepatopancreas of C. destructor exposed to different binary mixtures of MAL and METH for  
4 days and after 14 days of recovery. Data presented as mean ± SE, n= 6. In each insecticide, 
the means indicated with different letters are significantly different from control and each 
other (ANOVA, Tukey’s test, P<0.05). 
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Figure 5.14 Glutathione S-transferase activity (GST) (nmol.mg
-1
. Protein. Min
-1
)  in the 
hepatopancreas of C. destructor exposed to different ternary mixtures of CPF, MAL and 
METH for  4 days and after 14 days of recovery. Data presented as mean ± SE, n= 6. In each 
insecticide, the means indicated with different letters are significantly different from control 
and each other (ANOVA, Tukey’s test, P<0.05). 
 
5.5 Discussion 
Organophosphorus and CB insecticides exert their toxic action by inhibition of ChE, so it is 
to be expected that the exposure to OP and CB combinations will produce an additive effect 
(WHO, 1986). Indeed, the joint action of OP and CB has been reported as being synergistic in 
some studies (Laetz et al., 2009; Morifusa, 1974). From this study, the degree of AChE 
inhibition by CPF and MAL is consistent with the evaluation of binary and ternary mixtures 
of 15 different OP pesticides by (Tahara et al., 2005). According to Tahara et al. 2005, greater 
than additive inhibition is explained by the competition for nonspecific detoxifying enzymes 
present in the nervous system. The nervous system of C. destructor contains two possible 
detoxifying enzymes, carboxylesterases (CaEs) and butyrylcholinesterase (BChE). 
Carboxylesterases can stoichiometrically degrade the oxon-metabolites of CB and OP 
insecticides (Chambers et al., 1990), and in that context inhibition of CaEs was reported to 
significantly enhance the toxicity of CB and OP insecticide in both Daphnia magna (Barata et 
al., 2004) and Oncorhynchus mykiss (Ferrari et al., 2007). BChE can also bind the oxon 
metabolites of CB and OP insecticides (Aldridge and Reiner, 1972; Jokanović, 200 ). The 
antagonistic effects which were observed in the ternary mixture may be explained by the 
a 
ab 
cd 
cd 
bcd 
abc 
cde 
bcd 
bcd 
abc 
bc 
abc 
cd 
a 
f 
d 
ef 
abc 
bcd 
abc 
b 
abc 
0
0.5
1
1.5
2
2.5
3
3.5
4
4 days exposure 14 days recovery
G
S
T
  
a
ct
iv
it
y
 m
o
l/
m
g
 p
ro
te
in
 Control
CPF
MAL
METH
CPF2MAL1METH2
CPF2MAL2METH1
CPF1MAL2METH1
CPF1MAL2METH2
CPF2MAL1METH1
CPF1MAL1METH1
CPF1MAL1METH2
Ternary mixture of CPF, MAL and METH 
72 
 
competition that took place between the insecticides which caused a lowering of the 
inhibitory effect (Kok and Hasirci, 2004). 
 
The mixtures CPF1METH1 and MAL2METH1 both produced synergistic neurotoxicity to C. 
destructor as indicated by much greater brain AChE inhibition than predicted by the CA 
model alone (Table 5.4). This is consistent with Bocquené et al. (1995) who also suggested 
that OP-CB combinations produced stronger synergistic effects than OP-OP or CB-CB 
combinations. The synergistic effect was also observed when carp (Cyprinus carpio) were 
exposed to mixtures of CPF-MAL and CPF-fenobucarb (Chen et al., 2014). The synergistic 
effect of a toxicant in yabbies may be associated with the parent chemicals being rapidly 
metabolized into their more toxic oxon forms, which perhaps shows high affinity to AChE in 
the nervous tissue of yabbies. For instance, thiamethoxam was metabolized to clothianidin, 
the predominant neonicotinoid which showed a high affinity to AChE of 5
th
 instar Spodoptera 
frugiperda larvae (Nauen et al., 2003). Therefore, a synergistic effect could be observed when 
the thiamethoxam was mixed with clothianidin (Liu et al., 2017). Synergistic interactions 
among pesticide mixtures with similar modes of action, such as of CB and OP insecticides, 
play an important role in environmental risk assessments, particularly where the toxicity of 
single chemicals is used as the basis for estimating impacts on non-target native invertebrates 
in the aquatic ecosystems (Laetz et al., 2009; Wang et al., 2015). 
 
Similar to AChE a significant reduction in the GST activity in yabbies exposed to CPF, MAL, 
METH and their mixtures was observed in some ratio mixtures after 96 hours of exposure. 
The finding in the present study suggests that the GST could be a potential biomarker for both 
selected insecticides and their mixtures. The decrease in the GST activity was also observed 
in common carp (Cyprinus carpio) exposed to atrazine, chlorpyrifos and their mixture (Xing 
et al., 2012) or in zebrafish exposed to atrazine (Wiegand et al., 2000). Similarly, a significant 
decrease in GST activity  in the bivalve mollusc Scapharca inaequivalvis exposed to CPF at 
0.1 ppm for 15 days was noted (Antognelli et al., 2006), and this was also found in rats 
exposed to CPF (Mansour and Mossa, 2009). The activity of GST depends on the GSH level 
in the cell, which is different in different tissues (Pena-Llopis et al., 2002). The significant 
decrease in GST activity in the yabbies exposed to selected insecticides and their mixtures 
may indicate insufficient detoxification of insecticides will occur. The changes in ATPase 
activity in both individual and mixture exposures could be explained by an allosteric change 
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that results from the partitioning in the enzyme complex exerted by the aquatic pollutants 
(Reddy et al., 1992; Pham et al 2017).  
 
The exposure to mixtures of CPF, MAL and METH negatively impacted the rate of enzyme 
recovery in C. destructor as compared to C. destructor exposed to single insecticides with 
effects persisting 14 days following exposure. The differences in the rates of enzyme 
recovery may be explained by the level of ChE inhibition imposed or the bioactivation 
potential of the anticholinergic insecticides (Abdullah et al., 1994). Depression of ChE 
activity has been associated to delayed growth, reproduction, alterations in metabolism, 
increased cellular repair, and alterations in innate immunity functions in worms exposed to 
the OP dichlorvos (Lewis et al., 2013). It is possible therefore that the simultaneous presence 
of OP and CB pesticides in the aquatic environment may lead to increases in toxicity, causing 
unpredicted effects as compared to their single toxicity. Moreover, continuous stimulation of 
the nervous system by xenobiotics and inability to recover might lead to muscular 
contractions that by consequent reducing locomotion will most probably interfere with 
foraging activities, reducing the input for the high energy demanding ventilation activities 
(Jensen et al., 1997) as well as interfering with the energy budget needed for the overall 
physiological processes such as growth and reproduction. Any behavioural changes caused by 
pesticide mixtures may also increase an organism’s risk to predation (Trekels et al., 2012). 
 
5.6 Conclusion  
The aim of this study was to evaluate the chronic toxicities of two OP insecticides (CPF  and 
MAL) and one carbamate insecticide (METH) in binary and ternary mixtures on the AChE, 
Na
+
/K
+
ATPase and GST activity of the yabby (C. destructor). These data generated by this 
mixture approach indicates that greater than additive and synergistic effects can occur when 
organisms are exposed to binary mixtures of OP and CB insecticides. And that the effects of 
some mixtures on AChE, Na
+
/K
+
ATPase and GST persisted for up to 14 days. The 
persistence of the continuous stimulation of the nervous system after exposure has ceased and 
its associated energy costs might have ecological implications. The findings in this study 
emphasize the importance the environmental risk assessments of chemical mixtures on non-
target aquatic organisms. However, our laboratory results need to be confirmed in field 
situations with yabbies living in areas exposed to pesticide mixtures compared to animals 
living in non-contaminated reference sites, although identifying such sampling locations 
remains problematic because of the lack of relevant water quality information in Australia. 
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More research is needed on the toxicity of insecticide mixtures, perhaps most importantly on 
how toxicity is affected by the physiology of different test species, and environmental factors 
such as water temperature. 
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CHAPTER 6           THE INTERACTION OF WATER TEMPERATURE  
                           AND PESTICIDE TOXICITY TO CHERAX DESTRUCTOR 
 
The chapter has been submitted for publication published in the peer-reviewed literature, and 
is presented here after with only minor modifications to adjust formatting to the requirements 
of a Thesis. 
 
Pham, B., Miranda, A., Allinson, G. & Nugegoda, D. 2018 Elevated temperatures 
increase the non-lethal effect of individual and mixtures of insecticides on the yabby 
(Cherax destructor). Submitted to Aquatic Toxicology 
 
 
6.1 Abstract 
Aquatic species are exposed to multiple stressors in their environment. Water temperature is 
one the most important factors that may influence the effect of other stressors on aquatic 
organisms. Surface temperatures currently exceed water quality criteria in many parts of the 
world, and summer thermal extremes are expected to become more frequent in a changing 
climate. Here we evaluated the influence of water temperature (20
°
C and 25
°
C) on the toxicity 
of chlorpyrifos (CPF), malathion (MAL), methomyl (METH), individually and in 
combination, to yabbies (Cherax destructor). At 25
°
C, exposure to CPF, MAL, METH and 
mixtures of MAL-METH, CPF-MAL produced a higher AChE inhibition than at 20
°
C. 
Similarly, CPF, MAL, and mixtures of MAL-METH, CPF-MAL-METH resulted in higher 
BChE at 25
°
C higher than that of 20
°
C. Exposure to CPF, MAL, and mixtures of CPF-METH, 
CPF-MAL- METH also produced higher both Na
+
K
+
ATPase and GST inhibition at 25
°
C than 
at 20
°
C. Our findings are an example of how environmental stress attributes can increase the 
relative toxicity of organophosphate (OP) and carbamate (CB) pesticides. These trends 
reinforce the importance of pollution reduction strategies to enhance ongoing conservation 
and recovery efforts. 
 
6.2 Keywords  
Cherax destructor. Chlorpyrifos. Malathion. Methomyl. Acetylcholinesterase. 
Butyrylcholinesterase. Glutathione S-transferase. Na
+
/K
+
ATPase 
 
76 
 
6.3 Introduction 
The increase in ambient temperatures due to global warming is of increasing concern all over 
the world and is an important environmental variable that has potential to impact on all 
species, including aquatic organisms. Invertebrates, more so than any other animal group, are 
fully dependent on their environment. This is because, unlike birds and mammals, which are 
able to regulate their body temperature, invertebrates are poikilothermic ectotherms and their 
body temperature is not only highly influenced by, but also varies greatly with, their 
surrounding temperature (Speight et al., 2008). Moreover, most invertebrates have a smaller 
surface area to volume ratio than many larger organisms and, therefore, more susceptible to 
injuries following either rapid cooling or warming (Chidawanyika and Terblanche, 2011; 
Czajka and Lee, 1990; Everatt et al., 2014). Despite this, responses of organisms to the 
temperature variation indicate their ability to adapt to environmental conditions (Peuranen et 
al., 2003). On the other hand adaptation comes at a cost and as biochemical reactions are 
strongly affected by temperature; those changes can result in large changes in metabolism in 
ectothermic organisms possibly leading to increased energy expenditure in order to maintain 
homeostasis (Hochachka and Somero, 2002; Somero, 2002).  
 
Ecological risk assessments based on single stressor exposure may not provide enough 
predictive power to understand the effects of combined stressors as the joint action of the 
constituents of multi stressors can lead to the observation of greater or lesser effects than may 
occur when those stressors are present alone (Folt et al., 1999) and interactions seems to 
result in nonlinear responses (Breitburg et al., 1998; Frost et al., 1999; Schindler, 2001). This 
avenue of research is therefore vital for the ultimate goal of protection of community health. 
The physiology changes of aquatic organisms due to their response to chemical exposures and 
temperature stress has been previous assessed (Hegyi et al., 2006; Peuranen et al., 2003; Said 
Ali et al., 2010). Temperature is known to influence toxicokinetics of substances by affecting 
metabolomics rate and feeding activity, thus affecting uptake, elimination, and detoxification 
rates (Cairns et al., 1991; Donker et al., 1998; Smit and Van Gestel, 1997). Temperature 
variation has been shown to reduce the resistance to air exposure in clam (Chamelea gallina) 
(Monari et al., 2007) or fish (McBryan et al., 2013) and compromise sea urchin fertilization 
and early development (Byrne et al., 2009). In addition, it has been reported that higher 
temperatures lead to an increase of the toxicity of copper sulphate and tributyltin chloride to 
the copepod (Tigriopus japonicus) (Kwok and Leung, 2005). Thus climate change may place 
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exposed aquatic macroinvertebrates at additional risk of adverse effects from common 
contaminants such as pesticides. Therefore, a better understanding of the interactive effect of 
contaminants such as pesticides toxicity and environmental factors like temperature on 
aquatic ecosystems is necessary.  
 
Organophosphate (OP) and carbamate (CB) insecticide classes have been regarded as major 
environmental pollutants over the years (Kaur et al., 2005; Laetz et al., 2014). OP and CB 
insecticides are widely used in agricultural, commercial and urban areas (Xuereb et al., 2009). 
These insecticides may be transported to aquatic ecosystems directly or indirectly by spray 
drift, surface runoff or agricultural return flows, resulting in complex mixtures with other 
pesticides (Gilliom, 2007). Pesticide mixtures may cause more effects on aquatic species, and 
are likely to involve the enzyme activity in the brain and liver of aquatic species (Laetz et al., 
2014). CPF, MAL and METH are common OP and CB insecticides and are known inhibitors 
of several enzymes such as AChE, Na
+
K
+
ATPase and GST in aquatic species (Pham et al., 
2017).  
 
Surface water temperature is an important habitat attribute for threatened and endangered 
Australian native species population including yabbies (Cherax destructor). In general, within 
a normal operating range of temperature, the energy metabolism and the bioavailability of 
toxicants of aquatic species increases as temperature increase (Heugens et al., 2001). The 
interactive effect of chemicals and temperature may be additive, synergistic or antagonistic 
and the nature of the interaction may differ for different compounds or stressors (Kaur et al., 
2011). Consequently, in this study we assessed the relationship between surface water 
temperature and both individual and mixtures of pesticide toxicity to juvenile yabbies. We 
exposed yabbies to CPF, MAL and METH individually and in mixtures at environmentally 
relevant concentrations (2µg.L
-1
). We measured AChE, BChE, Na
+
K
+
ATPase and GST 
enzyme inhibition in yabbies held at ambient temperatures at 20
°
C and 25
°
C.   
 
6.4 Materials and methods 
6.4.1 Juvenile yabbies: see Chapter 4.4.3 (page 42) 
6.4.2. Chemicals:  see Chapter 4.4.1 (page 41) 
6.4.3 Insecticides exposures: see Chapter 4.4.2 (page 42) and 5.3.3 (page 54) 
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After the 96 h exposure, the yabbies from each treatment were sacrificed, and their nervous 
system, gills and hepatopancreas tissues were collected, placed in plastic microcentrifuge 
tubes, and stored at −800C for subsequent analyses of AChE, BChE, Na+/K+ATPase and GST 
enzyme activity. 
 
6.4.4 Insecticide measurement methods: see Chapter 4.4.4.4 (page 44)  
 
Table 6.1 Initial and concentrations at 24 h of individual and pesticide mixtures (mean ± SE) 
in water samples taken during the experiment. 
Pesticide mixture ratios Initial concentrations 
(µg.L
-1
) 
Concentrations at 24 h 
(µg.L
-1
) 
CPF  2.04 ± 0.02 2.01 ± 0.00 
MAL 2.26 ± 0.14 2.12 ± 0.01 
METH 2.17 ± 0.05 2.15 ± 0.06 
CPF - MAL 4.51 ± 0.27 4.16 ± 0.43 
CPF- METH 4.53 ± 0.15 4.11 ± 0.24 
MAL- METH 4.63 ± 0.35 4.32 ± 0.42 
CPF – MAL - METH 5.40 ± 0.51 5.02 ± 0.28 
 
6.4.5 Determination of Acetylcholinesterase (AChE), butyrylcholinesterase (BChE), 
Na
+
/K
+
ATPase and GST activities  
6.4.5.1 AChE and BChE: see Chapter 4.4.4.1 (page 42) 
6.4.5.2 Na
+
/K
+ 
ATPase: see Chapter 4.4.4.2 (page 43) 
6.4.5.3 Glutathione S-transferase: see Chapter 4.4.4.3 (page 43) 
 
6.4.6 Data analysis: see Chapter 4.4.5 (page 44) 
 
6.5 Results 
The effect of individual pesticide (chlopyrifos, malathion and methomyl) and mixtures, 
measured as percentage inhibition of AChE, BChE, GST and ATPase, to C. destructor, 
generally increased with  temperature (Figure 6.1 to 6.5, Table 6.2) but not always 
significantly so. 
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6.5.1 AChE and BChE inhibition 
Acetylcholinesterase inhibition was higher at 25
°
 C than at 20
° 
C in the CPF, MAL, and 
METH, CPF-MAL, and MAL-METH treatments (Figure 6.1, Table 6.2). In contrast, the 
increasing temperature did not enhance the neurotoxicity in the mixture of CPF-METH and 
the ternary mixture CPF-MAL-METH (Figure 6.1, Table 6.2). In terms of individual 
pesticides, AChE inhibition CPF was higher than that of MAL and METH at both 20
°
C and 
25
°
C. This indicated that C. destructor was more sensitive to CPF than MAL and METH at 
both temperature levels. Similar to individual pesticides, increasing temperature enhanced the 
neurotoxicity of the mixtures CPF-MAL, MAL-METH. Notably, the toxicity of the CPF-
MAL mixture was higher than that of all individual pesticides, and it has a positive 
relationship with the elevated temperature. 
 
Figure 6.1 Inhibition of AChE activity (%) of C. destructor exposed to individual and 
different mixtures ratios of CPF, MAL, and METH insecticides at 20
° 
C and 25
°
 C for 4 days. 
Data presented as mean ± SE, n= 6). The means indicated with different letters are 
significantly different from control treatments and each other (ANOVA, Tukey’s test, 
P<0.05). 
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Figure 6.2 Inhibition of BChE activity (%) of C. destructor exposed to individual and 
different mixtures ratios of CPF, MAL, and METH insecticides at 20
° 
C and 25
°
 C for 4 days. 
Data presented as mean ± SE, n= 6). The means indicated with different letters are 
significantly different from control and each other (ANOVA, Tukey’s test, P<0.05). 
 
Table 6.2 The interaction of temperature, individual and mixtures insecticides on biomarkers 
(AChE, BChE) responses in C. destructor (n=6). 
Pesticides
 
AChE inhibition (%) BChE inhibition (%) 
 20
°
C 25
°
C (P)
 
20
°
C 25
°
C (P) 
CPF 31.6  ±  3.2 38.1  ±  2.7 < 0.05 33.2  ±  4.7 43.2  ±  4.3 < 0.05 
MAL 21.1  ±  2.4 29.1  ±  4.3 < 0.05 25.6  ±  3.6 35.6  ±  3.1 < 0.05 
METH 25.3  ±  3.6 30.6  ±  3.2 < 0.05 30.9  ±  5.2 29.9  ±  4.4  
CPF - MAL 37.8  ±  4.5 43.8  ±  3.4 < 0.05 45.3  ±  4.6 48.3  ±  5.6  
CPF - METH 44.5  ±  5.2 48.3  ±  5.7  47.2  ±  3.5 44.7  ±  4.1  
MAL - METH 15.1  ±  2.2 26.1  ±  3.5 < 0.05 37.7  ±  4.2 45.7  ±  3.3 < 0.05 
CPF - MAL - METH 18.8  ±  2.2 22.8  ±  3.6  49.2  ±  3.5 58.2  ±  4.1 < 0.05 
 
Butyrylcholinesterase inhibition was also significantly higher at 25
° 
C than 20
°
 C in the CPF, 
MAL, MAL-METH, and CPF-MAL-METH treatments (Figure 6. 2, Table 6.2). By contrast, 
increasing temperature did not enhance the neurotoxicity in the treatments of METH, CPF-
MAL and CPF-METH (Figure 6. 2, Table 6.2). The results also indicated that the toxicity of 
MAL-METH, CPF-MAL-METH mixtures was higher than that of the individual insecticides 
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and also higher at 25
°
C than 20
°
C (Figure 6.2, Table 6.2). 
 
6.5.2 Na
+
/K
+ 
ATPase inhibition   
The toxicity of CPF and MAL were be negatively correlated with the increase in temperature, 
while CPF-METH and CPF-MAL-METH were positively correlated with the increase in 
temperature (Figure 6.3, Table 6.3). The toxicity of the CPF-METH, and CPF-MAL-METH 
mixtures were also positively correlated with increasing temperature (Figure 6.3, Table 6.3). 
 
 
Figure 6.3 Inhibition of Na
+
/K
+ 
ATPase activity (%) of C. destructor exposed to individual 
and different mixtures ratios of CPF, MAL, and METH insecticides at 20
°
C and 25
°
C for 4 
days. Data presented as mean ± SE, n= 6). The means indicated with different letters are 
significantly different from control and each other (ANOVA, Tukey’s test, P<0.05). 
 
6.5.3 GST inhibition 
There was a significant increase in GST inhibition at 25
°
C than 20
°
C used for the  CPF, MAL, 
CPF-METH, MAL-METH, and CPF-MAL-METH treatments (Figure 6.4). By contrast, 
increasing the water temperature did not enhance the toxicity of the METH and CPF-MAL 
treatments (Figure 6.4, table 6.3).  
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Figure 6.4 Inhibition of GST activity (%) of C. destructor exposed to individual and different 
mixtures ratios of CPF, MAL, and METH insecticides at 20
° 
C and 25
°
 C for 4 days. Data 
presented as mean ± SE, n= 6). The means indicated with different letters are significantly 
different from control and each other (ANOVA, Tukey’s test, P<0.05). 
 
Table 6.3 The interaction of temperature, individual and mixtures insecticides on biomarkers 
(Na
+
/K
+ 
ATPase, GST) responses in C. destructor (n=6).   
Pesticides
a 
Na
+
/K
+ 
ATPase inhibition (%) GST inhibition (%) 
 20
°
C 25
°
C (P)
 
20
°
C 25
°
C (P) 
CPF 21.6  ±  2.1 17.8  ±  2.5 < 0.05 25.6  ±  3.3 33.2  ±  3.7 < 0.05 
MAL 20.5  ±  2.4 17.7  ±  1.6 < 0.05 22.8  ±  2.4 28.6  ±  3.1 < 0.05 
METH 16.4  ±  3.9 14.9  ±  2.7  27.5  ±  3.2 25.9  ±  4.5  
CPF - MAL 16.5  ± 1.5 18.3  ±  1.3  30.8  ±  3.6 29.3  ±  4.1  
CPF - METH 1.74  ±  0.6 5.21  ±  1.1 < 0.05 13.7  ±  1.7 20.6  ±  2.1 < 0.05 
MAL - METH 19.4  ±  1.8 18.5  ± 1.6  8.53  ±  1.2 16.7  ±  1.3 < 0.05 
CPF - MAL - METH 10.5  ±  1.2 14.9  ±  1.6 < 0.05 18.7  ±  1.1 25.2  ±  2.2 < 0.05 
 
6.6 Discussion 
In the present study with insecticides (individual and mixtures) and elevated temperature 
functioning as an additional stressor, the combined exposure indicated additive effect of 
pesticide toxicity on AChE, BChE, Na
+
/K
+
ATPase and GST activities in yabbies exposed to 
CPF, MAL, METH and their mixtures when the temperature was increased from 20
°
C to 
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25
°
C. This is consistent with the interactive effect of multiple stressors including insecticides 
pesticides and thermal increases on aquatic species reported by (Çalta and Ural, 2004; Viran 
et al., 2003). For example, a temperature shift from 12 to 18
°
C was found to lead to an 
increase in the level of AChE inhibition by up to 65% in salmonids exposed to mixtures of 
malathion-ethopro (Labenia et al., 2007). The Australian tropical freshwater fish 
Melanotaenia splendida (Eastern Rainbowfish) was more sensitive to CPF at higher 
temperatures (Humphrey and Klumpp, 2003). While at 29
°
C, CPF can cause toxic effect to 
Melanotaenia splendida at concentration 0.016 mg L
-1
 and above, at 25
°
C CPF was only toxic 
to this species at concentration 0.125 mg L
-1
. However, the activities of GST and glutathione 
peroxidase (GPx) in gills of Channa punctatae exposed to deltamethrin were reprtedly 
significantly decreased when stress was applied in the way of elevated temperatures (Kaur et 
al., 2011). This is consistent with decrease in the activity of GST observed in the present 
study, and may be explained by the homeostatic mechanisms of the yabbies being 
overwhelmed by the stressors being applied with the systems simply unable to compensate 
anymore (Kaur et al., 2005). 
 
In this study we assessed the second–order interactions of two OP (CPF, MAL) and one CB 
(METH) which are biotransformed from a parent compound to a much more potent 
intermediate metabolite. Thus, the increased level of enzyme inhibition including AChE, 
BChE, Na
+
/K
+
ATPase and GST in yabbies exposed to CPF, MAL, METH and their mixtures 
may be explained by the role of temperature in biotransformation leading to an increase in the 
enzyme binding affinities. Similar results were reported in juvenile coho salmon exposed to 
malathion and ethoprop in which both the CaE and AChE inhibition was assessed due to a 
temperature-dependent increase in biotransformation (Laetz et al., 2014). The additive effect 
of temperature and endosulfan toxicity to rainbow trout due to temperature has been reported. 
The results indicated that rainbow trout was more susceptible to endosulfan toxicity when the 
water temperature was increased from 13.1
° 
C to 16
° 
C (Capkin et al., 2006). The increase of 
toxicity of three insecticides and their mixtures at 25
° 
C than 20
° 
C in this study may be also 
explained by an increased metabolic rate, resulting in increased amount of water movement 
across the gills and increased the level of pesticide uptake (DeLorenzo et al., 2009).  
 
The multiple stressors issue for threatened and endangered species has been addressed by the 
National Academy of Science (NAS) in the USA (NRC, 2013). The NAS emphasized the 
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importance of the interaction between multiple environmental and chemical factors and 
recommended inclusion of the interaction of these factors into risk assessments, even though 
tests using pesticide mixtures do not necessarily producing biologically meaningful non-
additive toxicity, and data for the interaction between environmental stressors and chemicals 
(particularly chemical mixtures) is largely unknown. 
 
Global warming may cause a selective pressure to improve thermo tolerance in aquatic 
species. It is possible that in the future yabbies could gradually adapt to and survive better 
than they do now in water much higher than 25
°
C without additional stresses. However, the 
results of this study show an interaction between water temperature and the toxicity of some 
insecticides on yabbies. Changes in temperature may alter the extent and direction of toxicity 
for both individual insecticides and mixtures on yabbies depending on the specific 
insecticides and their mixtures. This alteration could cause further negative effects that must 
be considered for risk assessment purposes. 
 
6.7 Conclusion 
The combined effects of CPF, MAL, METH, their mixtures and elevated temperature were 
investigated on juvenile C. destructor. The findings indicate that temperature has significant 
additional effects on the toxicity outcomes of CPF, MAL, METH insecticides and their 
mixtures. Climate change, the likely increases in annual and seasonal temperature may have 
profound effects on the physiology of aquatic organisms, although, in general, the response of 
such species to multiple stressors has not yet been recorded. This study, therefore, provides 
valuable information in predicting and evaluating the potential effect of multiple stressors on 
C. destructor and, by extension other aquatic macro invertebrate species, and highlights the 
need to understand the interaction of one type of stressor with another and their overall 
combined impacts for empirical studies. 
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CHAPTER 7      METABOLOMICS PROFILING TO EVALUATE THE EFFECT OF 
CHLORPYRIFOS, MALATHION AND METHOMYL TO CHERAX DESTRUCTOR 
 
The chapter has been submitted for review in the peer-reviewed literature, and is presented 
hereafter with only minor modifications to adjust formatting to the requirements of a Thesis. 
 
Pham, B., Dias D., Lekamge, S., Makadia T., Allinson, G. & Nugegoda, D. 2018 A 
GC-MS metabolomics analysis towards the identification of biomarkers evaluating the 
non-lethal effects of organophosphorous and carbamate insecticides on the yabby 
(Cherax destructor). Submitted to Environmental Science and Pollution Research 
 
7.1 Abstract 
Organophosphorus (OP) and carbamate (CB) pesticides are commonly detected in aquatic 
ecosystems and are widespread harmful environmental pollutants. In this study, we examined 
the toxicities in the muscle of yabbies (C. destructor) upon sub-chronic exposure to two OP 
insecticides [chlorpyrifos (CPF) and malathion (MAL)] and one carbamate insecticide 
methomyl (METH) at environmentally relevant concentrations. Yabbies were exposed to 
three different concentrations (0.5, 2 and 5 µg.L
-1
) of CPF, MAL and METH for 96 hours. 
The muscle tissues of yabbies were subjected to a gas chromatography-mass spectrometry 
(GC-MS) untargeted metabolomics approach to identify potential changes in metabolism in 
response to exposure to CPF, MAL and METH, respectively. The results indicated that CPF, 
MAL and METH disrupted amino acid, organic acids, fatty acid and sugar metabolism in the 
yabby muscle over the 96 hours. GC-MS identified twenty-five metabolites which could 
potentially be reliable biomarkers for CPF, MAL and METH exposure as they were 
significantly up or down regulated depending on the concentrations of the insecticides 
administered. GC-MS based metabolomics can be rapidly used as a tool to detect the toxicity 
of CPF, MAL and METH at low concentrations (0.5 µg.L
-1
) to aquatic organisms in the 
environment.   
 
7.2 Keywords: Cherax destructor. Chlorpyrifos. Malathion. Methomyl. Metabolomics. 
 
7.3 Introduction 
Organophosphorus (OP) and carbamate (CB) insecticides are widely used to control insect 
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pests in agriculture and disease vectors of public health importance in urban areas (Xuereb et 
al., 2009). These insecticides may enter water bodies directly or indirectly by spray drift or 
run off from agriculture (Chandrasekara and Pathiratne, 2007a), resulting in adverse effects 
such as induced neurotoxicity in various non-target aquatic organisms like fishes (Li et al., 
2008), and particularly invertebrate species such as the freshwater shrimp, Paratya 
australiensis (Kumar et al., 2010), Gammarus fossarum and Crustacea amphipoda  (Xuereb 
et al., 2009). However, it is difficult to cost-effectively evaluate the environmental risks of 
these pesticides using chemical analytical techniques due to their short half lives in water and 
their high biotransformation rates in living organisms (Ashauer et al., 2006; Chambers et al., 
2002). Exposure of aquatic species to toxic chemicals causes alterations in their metabolism 
which may be reversible or irreversible, depending on the organisms, the chemicals’ mode of 
action, exposure dosage and time and the environmental factors (Aliferis and Jabaji, 2011). 
Consequently, one way to overcome the monitoring limitations posed by OP and CB 
chemicals is to use a metabolomics approach, which can quantify the  relative  concentration 
or  amount of endogenous low molecular weight metabolites present in biological samples 
such as urine, plasma, tissue, and organs or in the whole body of an organism in response to 
abiotic or biotic stress (Dias et al., 2016; Jones et al., 2013; Madsen et al., 2010; Wishart, 
2005).  
 
Metabolomics has become almost routinely applicable and useful for the characterization of 
metabolic changes as well as the identification of putative biomarkers upon toxicant exposure 
in recent years (Beger et al., 2010; Robertson et al., 2010; Zheng et al., 2013). This approach 
is considered as a tool in the fields of environmental risk assessment and monitoring (Taylor 
et al., 2010) as it can assist in determining the mode of action by providing an unbiased 
determination of perturbations in metabolism of aquatic organisms exposed to toxicants 
(Bundy et al., 2009). Metabolomics complements traditional ecotoxicology endpoints (such 
as mortality or reduced measures of growth and reproduction) with valuable information in 
response to sub-lethal concentrations providing a better understanding towards the 
mechanism of the chemicals mode of action on the respective aquatic organism (Aliferis and 
Jabaji, 2011; Bundy et al., 2002; Guo et al., 2009; Lankadurai et al., 2011; McKelvie et al., 
2009). GC-MS is widely used in metabolomics analysis because of its robustness, 
reproducibility, available compound libraries (Xu et al., 2010), and this method has provided 
evidence to suggest that exposure to certain toxicants can lead to physiological changes 
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within an individual that can be measured by GC-MS (Kokushi et al., 2016; Tufi et al., 2015; 
Vandenbrouck et al., 2010; Yoon et al., 2016). 
 
In this study, we used a GC-MS based metabolomics approach to evaluate the toxicity of two 
OP insecticides (CPF and MAL) and one CB insecticide (METH) on the yabby (Cherax 
destructor). CPF is extensively used in agriculture and in the households for controlling pests 
worldwide, although its use is currently restricted or prohibited in some jurisdictions (Gómez-
Canela et al., 2017; Sumon et al., 2016; USEPA, 2016).  Similarly, MAL is widely used for 
the control of insects in agriculture such as aphids and leafhoppers (Kumar et al., 2010; 
Moore and Teed, 2013). The toxic effects of OP pesticides (including CPF and MAL) on 
humans is associated with nausea, dizziness, confusion, increased heart rate, respiratory 
failure, and even death (Uno et al., 2012), with the inhibition of acetylcholinesterase (AChE) 
(Kumar et al., 2010; Pham et al., 2017; Wang et al., 2009).  Sub-lethal effects of CPF on 
aquatic organisms has been recorded including nephrotoxicity, oxidative stress, genotoxic and 
mutagenic effects, alterations in swimming performance, as well as effects on development 
(Ali et al., 2008; Kavitha and Rao, 2008; Sandahl et al., 2005). MAL inhibits enzymatic 
activity in fish embryos (Fuentealba González et al., 2011), lipid peroxidation, and 
antioxidant systems (Huculeci et al., 2009) and depletes glycogen, cholesterol and total 
protein levels (Venkataramana et al., 2006). METH is widely used for controlling insects 
such as spiders, moths or flies in agriculture (Yoon et al., 2016) and inhibits catalase (CAT), 
GST and AChE activities in the common carp (Cyprinus carpio)(Hernández-Moreno et al., 
2014), AChE and GST activity in the topmouth gudgeor (Pseudorasbora parva)(Li et al., 
2008). The yabby (Cherax destructor) is an Australian native decapod that has been proposed 
as a biomonitor for OP and CB contaminations (Pham et al., 2017), with a number of 
characteristics that make it suitable as a biomonitor for pesticide contamination, e.g. its wide 
range, ease of sourcing (it is widely bred in commercial hatcheries) and its ease of 
maintenance in the laboratory. 
 
7.4 Materials and methods 
7.4.1 Juvenile yabbies: see Chapter 4.4.3 (page 42) 
7.4.2 Chemicals: see Chapter 4.4.1 (page 41) 
7.4.3 Insecticides exposures: see Chapter 4.4.2 (page 42) 
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7.4.4 Metabolite extraction from the yabby tissue 
Approximately 100 mg of the white muscle of six yabbies was added to a cryomill tube. 
Methanol (100%) (500 μL) with internal standards (13C6-sorbitol/
13
C5
15
N-valine in water, 0.2 
mg mL
-1
) (1 µL) was added. The sample was subsequently homogenized using a cryomill 
(FastPrep®-24, MPbio, Santa Ana, California, USA). The sample mixture was vortexed for 
30 s and then incubated for 15 min at 70°C at 850 rpm. Deionized water with a resistivity of 
18 Mcm (Milli-Q Water; 500 μL), was added and then centrifuged at  3,000 rpm for 5 min. 
The sample was further vortexed and centrifuged at  3,000 rpm for 5 min. A 50 μL aliquot 
was transferred into a glass insert and dried in vacuo for subsequent TMS (trimethylsilyl) 
metabolite derivatisation. All samples were stored in darkness containing silica beads prior to 
GC-MS analysis (Aizat et al., 2014).  
 
7.4.5 Polar metabolite derivatization 
All samples were re-dissolved in 10 µL of 30 mg /mL
 
methoxyamine hydrochloride in 
pyridine and derivatized at 37
◦
C for 120 min with mixing at 500 rpm. The samples were 
incubated for 30 min with mixing at 500 rpm after addition of both 20 µL N,O-bis-
(trimethylsilyl)trifluoroacetamide (BSTFA) and 1 µL retention time standard mixture 
[0.029% (v/v) n-dodecane, n-pentadecane, n-nonadecane, n-docosane, n-octacosane, n-
dotriacontane, n-hexatriacontane dissolved in pyridine]. Each derivatized sample was allowed 
to rest for 60 min prior to injection (Aizat et al., 2014). 
 
7.4.6 GC-MS instrument conditions 
Samples (1 µL) were then injected into a GC–MS system (Gerstel PAL3 Autosampler, 7890B 
Agilent gas chromatograph and a 5977B Agilent quadrupole mass spectrometer (MS); 
Agilent, Santa Clara, USA) in split mode (1:20 split ratio). The MS was adjusted according to 
the manufacturer’s recommendations using tris-(perfluorobutyl)-amine (CF43). Chemical 
separation was achieved using a J&W Scientific VF-5MS column (30 m long with 10 m 
guard column, 0.25 mm inner diameter, 0.25 µm film thickness). The injection temperature 
was set at 250
° 
C; the MS transfer line at 290
°
C, the ion source adjusted to 250 
°
C and the 
quadrupole at 150
° 
C. Helium (UHP 5.0) was used as the carrier gas at a flow rate of 1.0 mL 
min
-1
. The following temperature program was used; injection at 70
° 
C, hold for 1 min, 
followed by a 7
° 
C min
-1 
oven temperature ramp to 325
° 
C and a final 6 min hold at 325
°
C. 
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Mass spectra were recorded at 2 scans s
-1 
with an 50–600 m/z scanning range (Aizat et al., 
2014). 
 
7.4.7 Data processing and statistical analyses 
Both chromatograms and mass spectra were processed using the Agilent MassHunter 
Workstation Software, Quantitative Analysis, Version B.07.01/Build 7.1.524.0. Mass spectra 
of eluting compounds were identified using the commercial mass spectra library NIST 08 
(http://www.nist.gov), the public domain mass spectra library of Max-Planck- Institute for 
Plant Physiology, Golm, Germany (http://csbdb.mpimp-golm.mpg.de/csbdb/dbma/msri.html) 
and an in-house mass spectral library. All matching mass spectra were additionally verified 
by determination of the retention time by analysis of authentic standard substances. Resulting 
relative response ratios (area of analyte divided by area of the internal 
13
C6 –sorbitol standard) 
for each analysed metabolite were prepared as described in (Aizat et al., 2014). The data were 
also normalized (by exported all metabolites values from MS quantitative analysis to Excel 
then normalising grouped data to their respective control group and calculate fold change) to 
the control group to compare fold differences between treatments. If a specific metabolite had 
multiple TMS derivatives the metabolite with the greater detector response and better peak 
shape within the dynamic range of the instrument was selected (Aizat et al., 2014). The data 
from all insecticide exposure treatments (CPF, MAL and METH) and control groups were 
subjected to a Principal Component Analysis (PCA) and Partial Least Squares – Discriminant 
Analysis (PLS-DA) to explore the metabolic differences caused by the pesticides. The 
validity of the PLS-DA results were accessed using a permutation test, which can determine 
whether the specific classification of individual in the designated groups is significantly better 
than any other random classification in two arbitrary groups (Westerhuis et al., 2008) The use 
of score plots allowed the visualization and comparison of the data for the control and the 
treatment groups based on the first two principal components (PC1 and PC2). The heat maps 
were generated by hierarchical clustering based on different scores in which red (scores > 0) 
suggests a relative increase in the levels of metabolites, while green (scores <0) indicate a 
relative decrease in metabolite levels. Significant differences in metabolite levels between 
treatment were identified using a T-test (P<0.05) corrected with the Bonferroni method. The 
Bonferroni correction offers a very conservative approach to control for false positives. The 
Bonferroni method is a single step procedure, where each p-value is corrected independently. 
In the context of this study, the p-value of each metabolite is multiplied by the number of 
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chemicals in the metabolites list. If the corrected p-value is still below the error rate, the 
compound will be significant. Corrected P-value= p-value * n (number of chemical in test) 
<0.05. As a consequence, if one is testing 1000 chemicals at a time, the highest accepted 
individual p-value is 0.00005, making the correction very stringent. With a family-wise error 
rate of 0.05 (i.e., the probability of at least one error in the family), the expected number of 
false positives will be 0.05. 
 
7.4.8 Insecticide measurement methods. see Chapter 4.4.4.4 (page 44) 
 
7.5 Results 
Measured concentrations of CPF, MAL and METH and mixtures in the water before and after 
24h were typically within 10% of the nominal concentration, indicating that the 
concentrations of all insecticides were stable during the tests (Pham et al., 2017).  
Treatment with CPF, MAL and METH at three different concentrations (0.5, 2 and 5 µg.L
-1
) 
induced prominent changes in metabolites related to the white muscle (Figure 7.1A, 7.4A, 
7.7A). In total, 35 metabolites were detected including 13 amino acids (AA) and amines, 17 
organic acids (OA) and fatty acids (FA), 3 sugars and 2 vitamins (Table 7.1-7.3); only the 
metabolites which are in these metabolite classes and changed significantly compared to the 
control organisms are discussed. 
 
7.5.1 Yabby metabolite response to CPF exposure 
There was a clear difference in the metabolomics profile of yabbies in the control group 
compared to yabbies exposed to CPF at 2 and 5 µg.L
-1
 as observed in the PLS-DA which 
clearly shows that the control group data clustering in the bottom left quadrant of the PLS-DA 
plot with respect to PC1 (which accounted for 20% of the variance), while groups CPF2 and 
CPF5 clearly discriminated towards the middle and top right quadrants (Figure. 7.1A). 
However, there was limited discrimination in the metabolites present at the lowest CPF 
concentration (CPF 0.5 µg.L
-1
), with this group overlapping with the control group. The 
change of the relative metabolites is represented in the heat map (Figure 7.1B). The heat map 
was generated by hierarchical clustering based on mean-centered and variance –scaled values 
(z-scores = observed values-baseline median)/baseline standard variation)(Auman et al ., 
2007). In the heat map, red (z scores of >0) indicates increased relative of the metabolites, 
while while green (z scores of < 0) indicates decreased relative of the metabolites. The heat 
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map showed that CPF05, CPF2 and CPF5 treatments induced a significant change 
metabolites in the muscle compared with control.  
 
      
Figure 7.1 A Metabolomics analysis of the muscle metabolites from yabbies. Yabbies were 
exposed to CPF at different concentrations: 0.5 µg.L
-1
 (CPF05), 2 µg.L
-1
 (CPF2), and 5 µg.L
-1
 
(CPF5) for 96 hours. (A) Representative PLS-DA 2D scores plot of metabolite profile 
measured by GC-MS based on metabolomics approach in the yabby exposed to 0.5 µg.L
-1
 
(CPF05), 2 µg.L
-1
 (CPF2), and 5 µg.L
-1
 (CPF5): rose ellipse, control group; green ellipse, 
CPF05-exposed groups; purple ellipse, CPF2-exposed groups; sea ellipse, CPF5-exposed 
groups. The closer the ellipses, the closer the groups cluster together and the closer the 
similarity between metabolite profiles. 
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Figure. 7.1B Metabolomics analysis of the muscle metabolites from yabbies. Yabbies were 
exposed to CPF at different concentrations: 0.5 µg.L
-1
 (CPF05), 2 µg.L
-1
 (CPF2), and 5 µg.L
-1
 
(CPF5) for 96 hours. Hierarchically clustered heat maps of the levels of the 36 candidate 
biomarkers in yabbies exposed to CPF. Each metabolite is represented by a single row of 
coloured boxes, whereas columns represent different treatments. Different colours show 
different metabolite levels.  Black (z scores of = 0) indicates that the concentration of the 
metabolite is the same as the average; ed (z scores of >0) indicates that the concentration of 
the metabolite is greater than the average; while green (z scores of < 0) indicates that the 
concentration of the metabolite is less than the average. The z score was defined by the value 
of the difference between the observed value and the average, which was divided by the 
standard deviation.  
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The number and type of amino acids detected in yabbies exposed to 0.5, 2 and 5 µg.L
-1
CPF 
were significantly different between groups (Figure 7.2, Table 7.1). For instance, there was a 
significant increase in the amount of glycine (21.5 fold, p < 0.05), methionine (2.82 fold, p < 
0.05), phenylalanine (3.16-fold) and serine (2.79-fold) observed in yabbies exposed to 0.5 
µg.L
-1
 CPF (p < 0.05) compared to the control. However, only alanine increased (1.58 fold, p 
< 0.05) when yabbies were exposed to 2 µg.L
-1 
of
 
CPF (p < 0.05), whilst glycine increased 
(22.73 fold, p < 0.05), in yabbies exposed to 5 µg.L
-1
 of CPF and serine decreased relative to 
the control (2.49 fold; P< 0.05; Figure 7.2, Table 7.1). The amount of sugars in the yabbies 
also changed when compared to the control. Specifically, sucrose levels decreased by 4.09–
fold, 17.24-fold and 15.43-fold in yabbies exposed to CPF at 0.5, 2 and 5 µg.L
-1
,
 
respectively. 
Subsequently, glucose levels increased by 1.75-fold in yabbies exposed to 0.5 µg.L
-1 
of
 
CPF 
and tocopherol decreased 8.95-fold in yabbies exposed to 2 µg.L
-1
 of CPF (Table 7.1). 
Similar to amino acids and sugars, there were also statistically significant changes in the 
levels of several organic acids and fatty acids when compared to the control. Malonic acid 
increased 4.50–fold, 4.89-fold and 7.74-fold in yabbies exposed to 0.5, 2 and 5 µg.L-1 of CPF, 
respectively. Butyric acid levels decreased 2.14-fold in yabbies exposed to CPF at 0.5 µg.L
-1
, 
whereas hydroxygluatmic acid increased 2.07-fold at 5 µg.L
-1 
of
 
CPF. Haptadecanoic acid 
increased 3.46-fold in yabbies exposed to CPF at 2 µg.L
-1
, and hexadecanoic acid increased 
2.76-fold in yabbies exposed to CPF at 0.5 µg.L
-1 
(Table 7.1). 
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Figure 7.2 Logarithmic ratios of sugar, acid amine, organic acid and fatty acid in yabbies 
exposed to CPF for 96 hours at different concentration 0.5 µg.L
-1 
(blue bars), 2 µg.L
-1 
(red 
bars) and 5 µg.L
-1 
(green bars). Relative response ratios were calculated using the metabolite 
peak area divided by both the peak area of the internal standard and the sample weight (g). 
Fold changes were calculated by dividing the response ratios of control by the response ratios 
of exposed treatments. Numbers on the X-axis represent the fold change relative to control. 
Stars (*) indicates a significant difference to control based on a T-test (P < 0.05) but not 
below the Bonferroni corrected value, stars (**) indicates a significant difference based on a 
T-test (P < 0.05) corrected with the Bonferroni corrected value.  
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Figure 7.3 Metabolomics pathways altered in yabbies exposed to CPF at three different 
concentrations 0.5 µg.L
-1
(green), 2 µg.L
-1 
(blue) and 5 µg.L
-1 
(sea) compared with control 
(red). The dotted lines represent an indirect relationship between these metabolites.  
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Table 7.1 Fold change in metabolite abundance in yabbies exposed to CPF at different 
concentrations (0.5, 2 and 5 µg.L
-1
). Data presented as mean ± SE. Metabolites indicated with 
letter a are significantly different based on a T-test (P<0.05) corrected with the Bonferroni, 
metabolites indicated with letter b are significantly different based on a T-test (P<0.05) but 
not below the Bonferroni –corrected P value. 
Metabolites Control Chlopyrifos (CPF) 
0.5 µg.L
-1 
2 µg.L
-1 
5 µg.L
-1 
Amino Acids and Amines   
Alanine 1.00 ± 0.11 1.33 ± 0.24 1.58 ± 0.10
b 
1.67 ± 0.27 
Asparagine 1.00 ± 0.25 1.21 ± 0.32 -2.04 ± 0.35 -1.08 ± 0.58 
Beta-alanine  1.00 ± 0.44 1.98 ± 0.28 -1.55 ± 0.16 1.25 ± 0.20 
Glutamic acid 1.00 ± 0.17 1.95 ± 0.25 6.24 ± 0.25
b
 1.04 ± 0.31 
Glycine  1.00 ± 0.32 7.16 ± 0.39
b 
5.20 ± 0.55 11.52 ± 0.52
b 
Lysine   1.00 ± 0.23 31.09 ± 0.62 -2.01 ± 0.25 2.08 ± 0.87 
Methionine  1.00 ± 0.08     2.82 ± 0.21
b 
-1.48 ± 0.18 1.09 ± 0.25 
Phenylalanine 1.00 ± 0.23 3.16 ± 0.30
b 
1.27 ± 0.14 1.00 ± 0.28 
Proline  1.00 ± 0.29 1.87 ± 0.27 -2.58 ± 0.15 -1.17 ± 0.24 
Serine 1.00 ± 0.15  2.79 ± 0.18
b 
1.59 ± 0.20 -2.49 ± 0.23
b 
Tyrosine  1.00 ± 0.66 67.89 ± 0.63 12.70 ± 0.41  2.66 ± 0.95 
Valine  1.00 ± 0.45 2.19 ± 0.30 -1.57 ± 0.16 1.28 ± 0.12 
Organic Acids  
Butyric acid 1.00 ± 0.24 -1.59 ±0.33 -2.14 ± 0.18
b 
1.04 ± 0.30 
Lactic acid  1.00 ± 0.42 4.17 ± 0.41 -2.64 ± 0.44 2.44 ± 0.56 
Malic acid  1.00 ± 0.17 -1.29 ± 0.19 1.33 ± 0.13 -1.24 ± 0.15 
Malonic acid  1.00 ± 0.24 4.50 ± 0.29
b 
4.89 ± 0.14
b 
7.74 ± 0.19
a 
Phosphoric acid  1.00 ± 0.46 2.46 ± 0.40  1.50 ± 0.50 2.28 ± 0.52 
2-Hydroxylglutamic acid 1.00 ± 0.04 2.48 ± 0.40 1.27 ± 0.14 2.07 ± 0.12
a 
Sugars   
Glucose 1.00 ± 0.12 1.75 ± 0.40
b 
-4.88 ± 0.58 -3.60 ± 0.34 
Myoinositol  1.00 ± 0.22 1.03 ± 0.34 1.52 ± 0.26 -2.07 ± 0.42 
Sucrose  1.00 ± 0.03 -4.09 ± 0.20
a 
-17.24 ± 0.27
a 
-15.43 ± 0.33
a 
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Table 7.1 (continued) 
Metabolites Control Chlopyrifos (CPF) 
0.5 µg.L
-1 
2 µg.L
-1 
5 µg.L
-1 
Fatty acid and Sterol  
Beta-Stigmasterol 1.00 ± 0.08 2.43 ± 0.44 1.19 ± 0.43  2.28 ± 0.29 
Campesterol  1.00 ± 0.06 2.48 ± 0.36 -1.41 ± 0.35 -1.76 ± 0.48 
Cholesterol 1.00 ± 0.35 1.33 ± 0.19 -1.39 ± 0.42 1.30 ± 0.53 
Heptadecanoic acid  1.00 ± 0.23 5.17 ± 0.43 3.46 ± 0.09
b 
2.13 ± 0.34 
Hexadecanoic acid  1.00 ± 0.11 2.76 ± 0.13
a 
-1.28 ± 0.27 1.52 ± 0.24 
Pentadecanoic acid  1.00 ± 0.29 1.72 ± 0.31 -1.86 ± 0.15  -1.71± 0.33 
Octadecadienoic acid 1.00 ± 0.31 5.55 ± 0.54 1.11 ± 0.29 1.17 ± 0.43 
Octadecenoic acid 9Z  1.00 ± 0.26 2.52 ± 0.40 1.32 ± 0.27 -2.42 ± 0.34 
Octadecenoic acid 9E  1.00 ± 0.49 12.05 ± 0.83 -4.31 ± 0.36 -2.50 ± 0.43 
Stigmasterol 1.00 ± 0.10 4.19 ± 0.37 2.10 ± 0.37 2.39 ± 0.29 
9Z Hexadecanoic acid  1.00 ± 0.42 1.13 ± 0.32 -1.45 ± 0.22 -3.47 ± 0.64 
Vitamin      
Alpha tocopherol 1.00 ± 0.08 2.69 ± 0.37 2.03 ± 0.35 1.02 ± 0.52 
 Tocopherol 1.00 ± 0.07 1.09 ± 0.28 -8.95 ± 0.27
a
 -1.77 ± 0.28 
 
7.5.2 Yabby metabolite response to MAL exposure 
Significant differences were also observed in the metabolic profiles of yabbies exposed to 
MAL at 0.5, 2 and 5 µg.L
-1 
in comparison to the control, as visualized in the PLS-DA plot 
(Figure 7.4A) and the hierarchical cluster and heat map analysis (Figure 7.4B). Several amino 
acids, including alanine, glycine, lysine and methionine were found to be statistically 
significant compared to the control group at all three exposure levels (p < 0.05). For example, 
glycine increased 6.45 –fold and 12.04-fold in yabbies exposed to 0.5 and 5 µg.L-1 of MAL, 
respectively (Figure 7.5, Table 7.2). Alanine increased 2.02–fold and 1.57-fold in yabbies 
exposed to 2 and 5 µg.L
-1
 of MAL, whereas methionine decreased -7.30-fold and -3.13-fold 
at 0.5 and 5 µg.L
-1
 of MAL, respectively. There were also statistically significant changes in 
the levels of several sugars when compared to the control. In this context, sucrose levels 
decreased 5.32–fold, 2.89-fold and 2.94-fold in yabbies exposed to 0.5, 2 and 5 µg.L-1 of 
MAL, respectively. Glucose decreased (6.66-fold) in yabbies exposed to MAL at 0.5 µg.L
-1
, 
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and tocopherol decreased 2.50-fold in yabbies exposed to MAL at 0.5 µg.L
-1
 (Table 7.2). 
Similar to amino acids and sugars, there were also statistically significant changes in the 
levels of several organic acids and fatty acids in yabbies exposed to MAL compared to the 
control. Malonic acid increased 3.07–fold, 13.95-fold and 12.12-fold in yabbies exposed to 
0.5, 2 and 5 µg.L
-1 
of
 
MAL, respectively. Butyric acid levels decreased 2.41-fold in yabbies 
exposed to MAL at 0.5 µg.L
-1
, and hydroxygluatmic acid decreased 1.81-fold in yabbies 
exposed to MAL at 0.5 µg.L
-1
, whereas lactic acid increased 1.51-fold at 0.5 µg.L
-1 
of
 
MAL. 
Heptadecanoic acid increased 4.24-fold and 3.09-fold in yabbies exposed to 2 and 5 µg.L
-1 
of
 
MAL, respectively. Hexadecanoic acid levels decreased 3.64-fold in yabbies exposed to 
MAL at 0.5 µg.L
-1
, and octadecenoic acid decreased 3.74-fold in yabbies exposed to MAL at 
0.5 µg.L
-1
, whereas octadecadienoic acid increased 4.15-fold at 2 µg.L
-1 
of
 
MAL (Table 7.2). 
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Figure 7.4 A Metabolomics analysis of the muscle metabolites from yabbies. Yabbies were 
exposed to MAL at different concentrations: 0.5 µg.L
-1
 (MAL05), 2 µg.L
-1
 (MAL2), and 5 
µg.L
-1
 (MAL5) for 96 hours. (A) Representative PLS-DA 2D scores plot of metabolite profile 
measured by GC-MS based on metabolomics approach for control yabbies (rose) and yabbies 
exposed to 0.5 µg.L
-1
 (MAL05), 2 µg.L
-1
 (MAL2), and 5 µg.L
-1
 (MAL5): rose ellipse, control 
group; green ellipse, MAL05-exposed groups; purple ellipse, MAL2-exposed groups; sea 
ellipse, MAL5-exposed groups. The closer the ellipses, the closer the groups cluster together 
and the closer the similarity between metabolite profiles. 
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Figure 7.4B Metabolomics analysis of the muscle metabolites from yabbies. Yabbies were 
exposed to MAL at different concentrations: 0.5 µg.L
-1
 (MAL05), 2 µg.L
-1
 (MAL2), and 5 
µg.L
-1
 (MAL5) for 96 hours. (B) Hierarchically clustered heat maps of the levels of the 36 
candidate biomarkers in yabbies exposed to MAL. Each metabolite is represented by a single 
row of coloured boxes, whereas columns represent different treatments. Different colours 
show different metabolite level. Different colours show different metabolite levels. Black (z 
scores of = 0) indicates that the concentration of the metabolite is the same as the average. 
Red (z scores of >0) indicates that the concentration of the metabolite is greater than the 
average, while green (z scores of < 0) indicates that the concentration of the metabolite is less 
than the average. The z score was defined by the value of the difference between the observed 
value and the average, which was divided by the standard deviation. 
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Figure 7.5 Logarithmic ratios of sugar, acid amine, organic acid and fatty acid in yabbies 
exposed to MAL for 96 hours at different concentration 0.5 µg.L
-1 
(blue bars), 2 µg.L
-1 
(red 
bars) and 5 µg.L
-1 
(green bars). Relative response ratios were calculated using the metabolite 
peak area divided by both the peak area of the internal standard and the sample weight (g). 
Fold changes were calculated by dividing the response ratios of control by the response ratios 
of exposed. Numbers on the X-axis represent the fold change relative to control. Stars (*) 
indicates a significant difference to control based on a T-test (P < 0.05) but not below the 
Bonferroni corrected value, stars (**) indicates a significant difference based on a T-test (P < 
0.05) corrected with the Bonferroni corrected value. 
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Figure 7.6 Metabolomics pathways altered in yabbies exposed to MAL at three different 
concentrations 0.5 µg.L
-1 
(green), 2 µg.L
-1
 (blue) and 5 µg.L
-1
 (sea) compared with control 
(red). The dotted lines represent an indirect relationship between these metabolites.  
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Table 7.2 Fold change in metabolite abundance in yabbies exposed to MAL at different 
concentrations (0.5, 2 and 5 µg.L
-1
). Data presented as mean ± SE. Metabolites indicated with 
letter a are significantly different based on a T-test (P<0.05) corrected with the Bonferroni, 
metabolites indicated with letter b are significantly different based on a T-test (P<0.05) but 
not below the Bonferroni –corrected P value.  
Metabolites Control Malathion (MAL) 
0.5 µg.L
-1 
2 µg.L
-1 
5 µg.L
-1 
Amino Acids and Amines  
Alanine  1.00 ± 0.11 -1.45 ± 0.16 2.02 ± 0.17
b 
1.57 ± 0.12
b 
Glutamic acid 1.00 ± 0.17 -1.23 ± 0.27  5.17 ± 0.30
b
 2.21 ± 0.48 
Asparagine  1.00 ± 0.25 -2.78 ± 0.58 -1.56 ± 0.46 -1.37 ± 0.64 
Beta-alanine  1.00 ± 0.44 -1.91 ± 0.15 1.25 ± 0.21 1.49 ± 0.27 
Glycine  1.00 ± 0.32 5.62 ± 0.34 9.17 ± 0.39 7.10 ± 0.13 
Lysine  1.00 ± 0.23 57.02 ± 0.97 3.07 ± 0.62 -2.49 ± 0.15
b 
Methionine  1.00 ± 0.08 -7.30 ± 0.28
a 
-1.46 ± 0.24 -3.13 ± 0.47
b 
Phenylalanine 1.00 ± 0.23 -1.24 ± 0.22 1.12 ± 0.23 1.48 ± 0.31 
Proline  1.00 ± 0.29 -2.64 ± 0.16 1.47 ± 0.27 1.17 ± 0.22 
Serine  1.00 ± 0.15 -1.83 ± 0.24 -2.36 ± 0.27 1.06 ± 0.12 
Tyrosine  1.00 ± 0.66 3.62 ± 0.75 1.69 ± 0.85  1.82 ± 0.36  
Valine  1.00 ± 0.45 -1.94 ± 0.17 1.21 ± 0.22 1.52 ± 0.31  
Organic Acids  
Butyric acid  1.00 ± 0.24 -2.41 ± 0.18
b
 1.35 ± 0.27  -1.30 ± 0.29 
Lactic acid  1.00 ± 0.42 1.51 ± 0.58
b
  1.64 ± 0.05 1.02 ± 0.04 
Malic acid  1.00 ± 0.17 -2.19 ± 0.19 1.85 ± 0.24 1.30 ± 0.27 
Malonic acid  1.00 ± 0.24 3.07 ± 0.10
b 
13.95 ± 0.26
a 
12.12 ± 0.20
a 
Phosphoric acid  1.00 ± 0.46 1.93 ± 0.61 1.79 ± 0.03 -1.01 ± 0.07 
2-Hydroxylglutamic acid 1.00 ± 0.04 -1.81 ± 0.21
b 
1.14 ± 0.12 1.30 ± 0.25 
Sugars   
Glucose 1.00 ± 0.12 -6.66 ± 0.69
b 
1.06 ± 0.14 1.15 ± 0.35 
Myoinositol  1.00 ± 0.22 -3.54 ± 0.50 -1.88 ± 0.41 -1.57 ± 0.48 
Sucrose 1.00 ± 0.03 -5.32 ± 0.43
b 
-2.89 ± 0.40
b 
-2.94 ± 0.21
b 
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Table 7.2 (continued) 
Metabolites Control Malathion (MAL) 
0.5 µg.L
-1 
2 µg.L
-1 
5 µg.L
-1 
Fatty acid and Sterol  
Beta-Stigmasterol 1.00 ± 0.08 1.09 ± 0.53 3.66 ± 0.37 1.50 ± 0.48 
Campesterol 1.00 ± 0.06 -3.23 ± 0.50
b 
-1.34 ± 0.41 -1.60 ± 0.44 
Cholesterol 1.00 ± 0.35 1.77 ± 0.47 -2.25 ± 0.33 -2.11 ± 0.43 
Heptadecanoic acid  1.00 ± 0.23 1.44 ± 0.25  4.24 ± 0.20
b 
3.09 ± 0.23
b 
Hexadecanoic acid  1.00 ± 0.11 1.03 ± 0.14  -1.02 ± 0.20 -1.01 ± 0.09 
Pentadecanoic acid  1.00 ± 0.29 -2.16 ± 0.22 2.05 ± 0.28 1.15 ± 0.18 
Octadecadienoic acid  1.00 ± 0.31 -1.18 ± 0.44  4.15 ± 0.30
b 
1.64 ± 0.28 
Octadecenoic acid 9Z  1.00 ± 0.26 -3.74 ± 0.33
b 
1.18 ± 0.35 -1.10 ± 0.21 
Octadecenoic acid 9E  1.00 ± 0.49 -1.22 ± 0.66 -1.24 ± 0.21 -1.74 ± 0.06 
Stigmasterol 1.00 ± 0.10 1.02 ± 0.53 1.86 ± 0.42  1.60 ± 0.45 
9Z Hexadecanoic acid  1.00 ± 0.42 -3.64 ± 0.33
b 
1.33 ± 0.32 -1.40 ± 0.33 
Vitamin      
Alpha tocopherol 1.00 ± 0.08 -1.02 ± 0.49 2.93 ± 0.49 2.02 ± 0.50 
Gamma Tocopherol 1.00 ± 0.07 -2.50 ± 0.35
b
 1.05 ± 0.40 1.33 ± 0.35 
 
7.5.3 Yabby metabolite response to METH exposure 
Exposure to METH showed differences in the metabolomics profiles of yabbies at 0.5, 2 and 
5 µg.L
-1
 compared to the control (Figure 7.8, Table 7.3) as visualized by the PLS-DA (Figure 
7.7A) and hierarchical cluster and heat map analysis (Figure 7.7B). Exposing yabbies to 0.5 
µg.L
-1
 of METH significantly increased levels of several amino acids including: alanine 
(2.62-fold), glycine (6.30-fold), lysine (2.37-fold), methionine (2.05-fold), phenylalanine 
(2.29-fold), serine (2.29-fold) and tyrosine (4.07-fold) (Table 7.3; P< 0.05). Similarly, at 5 
µg.L
-1
, the levels of alanine increased (3.05-fold), glycine (4.69-fold), methionine (3.27-fold), 
phenylalanine (1.21-fold), serine (2.77-fold) and valine (3.77-fold) (Figure 7.8, Table 7.3). 
However, while glycine increased 10.53-fold in yabbies exposed to 2 µg.L
-1 
of
 
METH, some 
amino acid levels decreased at this exposure level, e.g. methionine (-6.18-fold), phenylalanine 
(-2.44-fold) and proline (-3.53-fold). Additionally, statistically significant changes in the 
levels of several sugars occurred when compared with the control, e.g. sucrose decreased 
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13.23-fold and 1.33-fold in yabbies exposed to METH at 2 and 5 µg.L
-1
, respectively (P< 
0.05), and tocopherol decreased -2.06-fold in yabbies exposed METH at 2 µg.L
-1 
(Table 7.3). 
Similar to amino acids and sugars, there were also statistically significant changes in the 
levels of several organic acids and fatty acids in yabbies exposed to METH compared to the 
control. Malonic acid increased 6.75–fold, 6.15-fold and 6.88-fold in yabbies exposed to 0.5, 
2 and 5 µg.L
-1 
of
 
METH, respectively. There was significant increase in the levels of butyric 
(2.57-fold), hydroxygluatmic acid (2.66-fold) and malic acid (2.35-fold) in yabbies exposed 
to METH at 5 µg.L
-1
.  Hexadecanoic acid increased 1.93–fold, 1.42-fold and 2.92-fold in 
yabbies exposed to 0.5, 2 and 5 µg.L
-1 
of
 
METH, respectively. Pentadecanic acid increased 
3.78-fold in yabbies exposed to METH at 0.5 µg.L
-1
 (Table 7.3). 
 
  
107 
 
 
        
Figure 7.7A Metabolomics analysis of the muscle metabolites from yabbies. Yabbies were 
exposed to METH at different concentrations: 0.5 µg.L
-1
 (METH05), 2 µg.L
-1
 (METH2), and 
5 µg.L
-1
 (METH5) for 96 hours. (A) Representative PLSDA 2D scores plot of metabolite 
profile measured by GC-MS based on metabolomics approach in the yabby exposed to 0.5 
µg.L
-1
 (METH05), 2 µg.L
-1
 (METH2), and 5 µg.L
-1
 (METH5): rose ellipse, control group; 
green ellipse, METH05-exposed groups; purple ellipse, METH2-exposed groups; sea ellipse, 
METH5-exposed groups. The closer the ellipses, the closer the groups cluster together and 
the closer the similarity between metabolite profiles. 
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Figure 7.7B Metabolomics analysis of the muscle metabolites from yabbies. Yabbies were 
exposed to METH at different concentrations: 0.5 µg.L
-1
 (METH05), 2 µg.L
-1
 (METH2), and 
5 µg.L
-1
 (METH5) for 96 hours. (B) Hierarchically clustered heat maps of the levels of the 36 
candidate biomarkers in yabbies exposed to METH. Each metabolite is represented by a 
single row of coloured boxes, whereas columns represent different treatments. Different 
colours show different metabolite level. Different colours show different metabolite level.  
Black (z scores of = 0) indicates that the concentration of the metabolite is the same as the 
average. Red (z scores of >0) indicates that the concentration of the metabolite is greater than 
the average, while green (z scores of < 0) indicates that the concentration of the metabolite is 
less than the average. The z score was defined by the value of the difference between the 
observed value and the average, which was divided by the standard deviation. 
B 
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Figure 7.8 Logarithmic ratios of sugar, acid amine, organic acid and fatty acid in yabbies 
exposed to METH for 96 hours at different concentration 0.5 µg.L
-1 
(blue bars), 2 µg.L
-1 
(red 
bars) and 5 µg.L
-1 
(green bars). Relative response ratios were calculated using the metabolite 
peak area divided by both the peak area of the internal standard and the sample weight (g). 
Fold changes were calculated by dividing the response ratios of control by the response ratios 
of exposed. Numbers on the X-axis represent the fold change relative to control. Stars (*) 
indicates a significant difference to control based on a T-test (P < 0.05) but not below the 
Bonferroni corrected value, stars (**) indicates a significant difference based on a T-test (P < 
0.05) corrected with the Bonferroni corrected value. 
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Figure 7.9 Metabolomics pathway altered in yabbies exposed to METH at three different 
concentrations 0.5 µg.L
-1
(green), 2 µg.L
-1
 (blue) and 5 µg.L
-1
 (sea) compared with control 
(red). The dotted lines represent an indirect relationship between these metabolites.  
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Table 7.3 Fold change in metabolite abundance in yabbies exposed to METH at different 
concentrations (0.5, 2 and 5 µg.L
-1
). Data presented as mean ± SE. Metabolites indicated with 
letter a are significantly different based on a T-test (P<0.05) corrected with the Bonferroni, 
metabolites indicated with letter b are significantly different based on a T-test (P<0.05) but 
not below the Bonferroni –corrected P value.  
Metabolites Control Methomyl (METH) 
0.5 µg.L
-1 
2 µg.L
-1 
5 µg.L
-1 
Amino Acids and Amines  
Alanine  1.00 ± 0.11 2.62 ± 0.15
b 
1.15 ± 0.04 3.05 ± 0.05
a 
Asparagine  1.00 ± 0.25 1.60 ± 0.49 -2.44 ± 0.07 1.21 ± 0.48 
Beta-alanine  1.00 ± 0.44 2.34 ± 0.05 -2.28 ± 0.08 3.51 ± 0.05
b 
Glutamic acid 1.00 ± 0.17  5.30 ± 0.28
b
 1.68 ± 0.13 7.39 ± 0.27
b
 
Glycine  1.00 ± 0.32 2.71 ± 0.34 9.12 ± 0.22
a 
4.32 ± 0.19 
Lysine  1.00 ± 0.23 2.37 ± 0.02
b 
70.34 ± 0.40 2.55 ± 0.37 
Methionine  1.00 ± 0.08 2.05 ± 0.15
b 
-6.18 ± 0.34
b 
3.27 ± 0.16
a 
Phenylalanine 1.00 ± 0.23 2.29 ± 0.15
b 
-2.44 ± 0.07
b 
1.21 ± 0.48
b 
Proline  1.00 ± 0.29 2.49 ± 0.25 -3.53 ± 0.07
b 
2.18 ± 0.27 
Serine  1.00 ± 0.15 2.29 ± 0.23
b 
-1.80 ± 0.23 2.77 ± 0.08
b 
Tyrosine  1.00 ± 0.66 4.07 ± 0.04
b 
13.19 ± 0.56 2.10 ± 0.43 
Valine 1.00 ± 0.45 2.30 ± 0.08 -2.42 ± 0.09 3.77 ± 0.05
b 
Organic Acids  
Butyric acid 1.00 ± 0.24 1.88 ± 0.19 -1.52 ± 0.08 2.57 ± 0.14
b 
Lactic acid  1.00 ± 0.42 -1.96 ± 0.40 1.01 ± 0.31 1.41 ± 0.45 
Malic acid  1.00 ± 0.17 1.55 ± 0.18 -1.97 ± 0.06
b 
2.35 ± 0.13
b 
Malonic acid  1.00 ± 0.24 6.75 ± 0.21
b 
6.15 ± 0.09
a 
6.88 ± 0.09
a 
Phosphoric acid  1.00 ± 0.46 -1.43 ± 0.22 1.22 ± 0.28 1.86 ± 0.41 
2-Hydroxylglutamic acid 1.00 ± 0.04 1.34 ± 0.49 1.49 ± 0.21 2.66 ± 0.03
a 
Sugars      
Glucose 1.00 ± 0.12 -1.61 ± 0.54 -1.78 ± 0.45 1.18 ± 0.45 
Myoinositol  1.00 ± 0.22 1.00 ± 0.44 -2.27 ± 0.31 -111 ± 0.03 
Sucrose  1.00 ± 0.03 -1.98 ± 0.37 -13.23±0.29
a 
-1.33 ± 0.10
b 
Fatty acid and Sterol     
Beta-Stigmasterol 1.00 ± 0.08 1.22 ± 0.39 1.12 ± 0.39 2.18 ± 0.33 
Campesterol 1.00 ± 0.06 -1.01 ± 0.38  -1.88 ± 0.32  1.21 ± 0.34  
Cholesterol 1.00 ± 0.35 -1.61 ± 0.42 -2.22 ± 0.48 1.01 ± 0.26 
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Table 7.3 (continued) 
Metabolites Control Methomyl (METH) 
0.5 µg.L
-1 
2 µg.L
-1 
5 µg.L
-1 
Fatty acid and Sterol  
Heptadecanoic acid  1.00 ± 0.23 6.38 ± 0.32
b 
2.17 ± 0.26 4.95 ± 0.41
b 
Hexadecanoic acid  1.00 ± 0.11 1.93 ± 0.11
b 
1.42 ± 0.03
b 
2.92 ± 0.25
b 
Pentadecanoic acid  1.00 ± 0.29 3.78 ± 0.35
b 
-1.33 ± 0.14  3.82 ± 0.31 
Octadecadienoic acid  1.00 ± 0.31 3.44 ± 0.39 -1.14 ± 0.18 2.79 ± 0.43 
Octadecenoic acid 9Z  1.00 ± 0.26 2.09 ± 0.42 -1.68 ± 0.17 2.28 ± 0.39 
Octadecenoic acid 9E  1.00 ± 0.49 -1.42 ± 0.18  -2.28 ± 0.17 4.66 ± 0.63 
Stigmasterol 1.00 ± 0.10 2.50 ± 0.43  1.35 ± 0.35  3.08 ± 0.36 
9Z Hexadecanoic acid  1.00 ± 0.42 2.14 ± 0.52 -1.09 ± 0.18 1.53 ± 0.42 
Vitamin      
Alpha tocopherol 1.00 ± 0.08 1.77 ± 0.40 1.56 ± 0.37 2.58 ± 0.36  
Gamma Tocopherol 1.00 ± 0.07 -1.18 ± 0.36  -2.06 ± 0.25
b
 -1.57 ± 0.23 
 
Based on the changes of amino acids in yabbies exposed to three insecticides CPF, MAL and 
METH, the largest significant increases were glycine with 10.53-fold (2 µg.L
-1
 of METH), 
12.04-fold (5 µg.L
-1
 of MAL) and 22.73-fold (5 µg.L
-1
 of CPF). 
 
7.6 Discussion 
All the amino acids that were detected in this study were derived from the amino acid pool 
and were formed either by proteolysis or by metabolism of essential amino acids. These 
amino acids may be used in protein synthesis and energy generation in yabbies (Figure 7.3, 
7.6, 7.9). Interchanging between protein synthesis and proteolysis in aquatic organisms is 
continuous, and therefore stressed aquatic species may regulate protein content in response to 
energy demand to maintain physiological activities (Saravanan et al., 2011). The increase of 
alanine, glycine and lysine may be explained by OP chemicals enhancing protein metabolism 
in invertebrates under stress to increase free amino acids availability for catabolism (Nath et 
al., 1997). Amino acid metabolism increased in yabbies exposed to CPF, MAL and METH 
suggesting that proteolysis occurred in yabbies that were actively using amino acids for 
energy generation during the 96 h exposure period. This process could be explained by the 
metabolomics pathway altered in yabbies exposed to these insecticides at three different 
concentrations compared with control (Figure 7.3, 7.6, 7.9). The possibility of protein 
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synthesis acceleration and its dependence on MAL exposure concentration has been reported 
in Tilapia mossambica (Sahib et al., 1984), and in Sciaenops ocellatus (McCarthy and 
Fuiman, 2008). So the lower levels of lysine, methionine and serine in yabbies exposed to 
MAL may have been caused either by proteolysis being lower than protein synthesis or by 
MAL inhibiting proteolysis (Uno et al., 2012).  
 
The largest significant (p< 0.05) increase in amino acids was found with glycine (Table 7.1-
7.3): 10.53-fold (2 µg.L
-1
 of METH), 12.04-fold (5 µg.L
-1
 of MAL) and 22.73-fold (5 µg.L
-1
 
of CPF). Both alanine and glycine have been suggested as universal stress indicators, as they 
provide a cyto-protective action against stress damage (Nissim et al., 1992). The increase in 
alanine and glycine in stressed organisms has been explained by a concomitant increase in 
expression of stress protein synthesis genes (Forcella et al., 2007; Howard et al., 2010). 
Moreover, an increase in glycine may offer a protective effect at the acceptor ligand 
interaction sites near the plasma membrane due to its small, neutral structure (Weinberg et al., 
1990). The presence of glycine near membranes play an important role in balancing lipid 
fluidity known as osmolytes (Nissim et al., 1992). METH, CPF and MAL are highly toxic 
insecticides and the accumulation of these chemicals in the yabbies’ plasma membranes may 
cause disturbance of membrane lipids (Cascorbi et al., 1991; Franks and Lieb, 1981). The 
function of membrane proteins can be altered as many proteins are required to fuse for 
activation. Therefore, the fluidity of the surrounding membrane lipids and their operation can 
be influenced due to the presence of these chemicals near the protein-lipid interface. The 
significant changes of alanine and glycine observed in this study may offer a defence 
mechanism from the exposure to CPF, MAL and METH insecticides and this process also 
could be explained by the metabolomics pathway altered in yabbies exposed to these 
insecticides compared with control (Figure 7.3, 7.6, 7.9). 
 
There were statistically significant decreases in the amounts of several sugar in yabbies 
exposed to CPF [sucrose (up to -17.24-fold)], MAL [glucose (-6.66-fold) and sucrose (up to -
5.32-fold)] and METH [sucrose (up to -13.23-fold)] (Table 7.1-7.3). The decrease in sugars 
indicates the increase in ATP production from glycogenolysis and glycolysis, this process 
could be explained by the metabolomics pathway altered in yabbies exposed to these 
insecticides compared with control (Figure 7.3, 7.6, 7.9). Stressed yabbies may need to 
produce extra energy to remove these OP and CB chemicals by the action of cytochrome 
P450. Cytochrome P450 is found in many species and play an important role in the 
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detoxification and inactivation of xenobiotic chemicals (Rocha-e-Silva et al., 2001) through a 
two phase process of functionalization and conjugation (Saint-Denis et al., 1999).  
 
A biomarker is defined as “a change in biological response which may relate to toxic effects 
of environmental chemicals” (Peakall, 1994). Putative biomarkers should be reproducible at 
different concentrations and should consistently decrease or increase. In our study, we used 
an untargeted GC-MS metabolomics approach to identify potential biomarkers for yabbies 
exposed to CPF, MAL and METH insecticides. Of the amino acids examined, alanine (up to 
3.97-fold), glutamic (6.24-fold), glycine (up to 22.73-fold), methionine (2.82-fold), 
phenylalanine (3.16-fold), malonic acid (up to 7.74), glucose (1.75-fold), heptadecanoic acid 
(3.46-fold) and hexadecanoic acid (2.76-fold) showed an increase in yabbies exposed to CPF, 
suggesting they are reliable biomarkers for this insecticide under controlled laboratory 
conditions. Sucrose (up to -17.24-fold), tocopherol (-8.95-fold) and butyric acid (-2.14-fold) 
decreased in yabbies exposed to CPF, suggesting they also are reliable biomarkers for this 
insecticide. Putative biomarkers for MAL in yabbies’ are alanine (+2.02-fold), glutamic 
(+5.17-fold), glycine (+12.04-fold increase), lysine (-2.49-fold), methionine (-7.30-fold), 
butyric (-2.41-fold), lactic (+1.51-fold), malonic (+13.95-fold), hydroxyglutamic (-1.81-fold), 
tocopherol (-2.50-fold), glucose (-6.66-fold), sucrose (up to -5.32-fold), hexadecanoic (-3.64-
fold), octadecenoic (-3.74-fold), octadecadienoic (+4.15-fold) and heptadecanoic +(4.24-
fold). Similarly, alanine, glutamic, glycine, proline, serine, tyrosine, valine, butyric, malonic, 
hydroxyglutamic, sucrose, heptadecanoic, hexadecanoic, pentadecanoic, and tocopherol were 
adequate putative biomarkers for exposure with METH as they showed reliable increases or 
decreases in yabbies exposed to this insecticide (Table 7.1-7.3). 
 
Amino acids such as alanine, glycine, and serine,  play critical roles in neurotransmission and 
biochemical functions in the central nervous system (Kurbat and Lelevich, 2009; Yudkoff, 
1997). Although this mechanism is unknown, it has been proposed that alanine may be a 
stress signal expressed by cells (Forcella et al., 2007; Monselise et al., 2003). The statistically 
significantly metabolites could also provide insight with respect to mechanisms of the 
neurotoxicity of CPF, MAL and METH and were found to be primarily involved in energy 
metabolism and amino acid metabolism. 
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7.7 Conclusion  
Unique biomarkers that are specific to individual insecticides will be useful for monitoring 
crayfish responses at field sites with mixtures of chemicals to determine which compounds 
are bioavailable, affecting yabby metabolomic profiles and potentially having an impact on 
organism fitness. In summary, the toxicity of CPF, MAL and METH was detected by using a 
GC-MS metabolomics approach. Twenty four biomarkers in yabbies muscle were identified 
by GC-MS in which alanine, glutamic, glycine, methionine, phenylalanine, malonic, glucose, 
heptadecanoic acid, hexadecanoic acid, sucrose, tocopherol and butyric acid were reliable 
biomarkers for CPF, alanine, glutamic, glycine, lysine, methionine, butyric, lactic, malonic, 
hydroxyglutamic, tocopherol, glucose, sucrose, hexadecanoic, octadecenoic, octadecadienoic 
and heptadecanoic were suitable biomarkers for MAL, and alanine, glutamic, glycine, 
proline, serine, tyrosine, valine, butyric, malonic, hydroxyglutamic, sucrose, heptadecanoic, 
hexadecanoic, pentadecanoic, and tocopherol were reliable biomarkers for METH. These 
biomarkers may provide new insights into the mechanism of their toxicity for CPF, MAL and 
METH exposure. Further work is required to evaluate different complex mixtures of these 
insecticides and findings in this study need to be confirmed in the environment. 
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CHAPTER 8      METABOLOMICS PROFILING TO EVALUATE THE EFFECT OF 
MIXTURES OF CHLORPYRIFOS, MALATHION AND METHOMYL TO CHERAX 
DESTRUCTOR 
 
The chapter has been submitted for review in the peer-reviewed literature, and is presented 
here after with only minor modifications to adjust formatting to the requirements of a Thesis. 
 
Pham, B., Dias D., Lekamge, S., Makadia T., Allinson, G. & Nugegoda, D. 2018 A 
GC-MS metabolomics investigation towards understanding the effects of mixtures of 
organophosphorous and carbamate insecticides on the yabby (Cherax destructor). 
Submitted to Aquatic Toxicology 
 
8.1 Abstract 
Aquatic organisms are frequently exposed to mixtures of multiple pesticides at varying 
concentration. This study used a gas chromatography-mass spectrometry (GC-MS) untargeted 
metabolomics approach to determine the effect of exposure to three insecticides, either alone 
or in mixtures, on the metabolism of an Australian native species of crayfish (the yabby, 
Cheraz destructor). Yabbies were exposed to two organothiophosphate (OP) insecticides 
[chlorpyrifos (CPF) and malathion (MAL)] and one carbamate insecticide [methomyl 
(METH)] for 96 hours at environmentally relevant concentrations. The results indicated that 
CPF, MAL, METH and their combinations damaged and disrupted amino acid, organic acids, 
fatty acid and sugar metabolism in the yabby muscle. GC-MS identified alterations in the 
levels of twenty two metabolites which could potentially indicate alterations in the 
metabolome by exposure to CPF, MAL, and METH. Moreover, we found that the potential 
synergistic and antagonistic interactions may occur when C. destructor was exposed to 
mixtures of CPF, MAL and METH.  
 
8.2 Keywords: Decapod, chlorpyrifos, malathion, methomyl, sugars, amino acids. 
 
8.3 Introduction  
The aquatic environment in agricultural, commercial and urban areas is often contaminated 
with pesticides (Xuereb et al., 2009), potentially resulting in adverse effects on various non-
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target aquatic organisms (Li et al., 2008; Xuereb et al., 2009), The majority of studies 
assessing the environmental risks of pesticides and ecotoxicology in aquatic environments are 
based on exposing organisms to a single compound under controlled conditions (Barata et al., 
2006). However, organisms are rarely exposed to a single pesticide; as pesticides in aquatic 
environments most frequently occur as part of complex, multi-pesticide mixtures with 
different concentrations and ratios (Faust et al., 2003; Gilliom, 2007; Junghans et al., 2006; 
Schuler and Rand, 2008; Verro et al., 2008). Assessing the cumulative toxicity of pesticides 
in mixtures has therefore been an enduring challenge in environmental health research 
(Monosson, 2005) and in ecotoxicology (Eggen et al., 2004) over the past several decades 
(Laetz et al., 2009). Since it is not feasible to toxicologically test all commercially available 
pesticides or in combination,, predictive models are necessary in ecological risk assessments, 
which can estimate the toxicity of complex chemical mixtures (Mansano et al., 2017). 
 
Exposure of aquatic organisms to toxic chemicals can cause reversible or irreversible 
alterations in metabolism, depending on the organism’s physiology and resistance, the 
chemicals mode of action, exposure time and dosage, and environmental factors (Aliferis and 
Jabaji, 2011). One strategy to overcome these monitoring limitations is to use a gas 
chromatography-mass spectrometry (GC-MS) based metabolomics approach which can 
achieve separation of the complex mixture of volatizable chemicals found in biological 
samples in response to abiotic or biotic stresses (Dias et al., 2016; Jones et al., 2013; Madsen 
et al., 2010; Wishart, 2005). Metabolomics complements traditional ecotoxicology endpoints 
(such as mortality or reduced measures of growth and reproduction) by providing an 
understanding of the mechanism of the mode of action of the chemical on the respective 
aquatic organism (Aliferis and Jabaji, 2011; Bundy et al., 2002; Guo et al., 2009; Lankadurai 
et al., 2011; McKelvie et al., 2009). The main objective of using this approach in 
ecotoxicology is to identify metabolic markers after exposing organisms to specific chemicals 
or mixtures. These metabolites may serve as biomarkers for future exposures to the same 
compound or mixture of compounds (Bailey et al., 1997; Viant, 2005). To date, the 
metabolomics approach has been used successfully to evaluate effects of malathion on 
Oryzias latipes (Uno et al., 2012), the effect of methomyl and methidathion in zebra fish 
(Yoon et al., 2016), and the effect of mixtures of chlopyrifos and cadmium in rats (Xu et al., 
2017).  However, the use of metabolomics in evaluating the impact of single or multiple OP 
and CB pesticide exposures on non-target invertebrate aquatic organisms had not been 
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reported prior to this study.  
Organophosphate and CB insecticides are widely used to control insects in agriculture and 
disease vectors of public health importance in urban areas (Xuereb et al., 2009). CPF is 
extensively used in agriculture, in the household for controlling pests, although its use is 
currently restricted or prohibited in some jurisdictions (Gómez-Canela et al., 2017; Sumon et 
al., 2016; USEPA, 2016). Similarly, MAL is widely used for the control of insects in 
agriculture such as aphids and leafhoppers (Kumar et al., 2010; Moore and Teed, 2013). 
Several studies have found CPF caused sub-lethal effects in aquatic organisms, such as 
nephrotoxicity, oxidative stress, genotoxic and mutagenic effects, alterations in swimming 
performance, and effects on development (Ali et al., 2008; Kavitha and Rao, 2008; Sandahl et 
al., 2005). MAL inhibits enzymatic activity in fish embryos (Fuentealba González et al., 
2011), lipid peroxidation, and antioxidant systems (Huculeci et al., 2009) and depletes 
glycogen, cholesterol and total protein levels (Venkataramana et al., 2006). METH is also 
widely used for controlling insects such as spiders, moths or flies in agriculture (Yoon et al., 
2016). METH inhibits catalase (CAT), GST and AChE activities in carp Cyprinus carpio 
(Hernández-Moreno et al., 2014), AChE and GST activity in the fish Pseudorasbora parva 
(Li et al., 2008). The yabby (Cherax destructor) is an Australian native decapod. In a 
previous study (Pham et al., 2017), we proposed that the yabby was an excellent bio monitor 
for pesticide contamination due to a number of attributes  e.g. its wide distribution, ease of 
sourcing (it is widely bred in commercial hatcheries) and its ease of maintenance in the 
laboratory. In this study, we used a GC-MS based metabolomics approach to evaluate the 
impact of mixtures of CPF, MAL and METH on the yabby (Cherax destructor). The intent 
was to evaluate changes in the metabolome caused by exposure to these pesticide mixtures 
and identify endogenous molecules that could become robust biomarkers of exposure to 
these, and similar, insecticides. 
 
8.4. Materials and methods 
8.4.1 Juvenile yabbies: see Chapter 4.4.3 (page 42) 
8.4.2. Chemicals: see Chapter 4.4.1 (page 41) 
8.4.3 Insecticides exposures: see Chapter 5.3.3 (page 54) 
8.4.4 Metabolite extraction from the yabby tissue: see Chapter 7.4.4 (page 88) 
8.4.5 Polar metabolite derivatization: see Chapter 7.4.5 (page 88) 
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8.4.6 GC-MS instrument conditions: see Chapter 7.4.6 (page 88) 
8.4.7 Data processing and statistical analyses: see Chapter 7.4.7 (page 88) 
8.4.8 Insecticide measurement methods: see Chapter 4.4.4.4 (page 44) 
 
8.5 Results 
Prominent changes in metabolites were induced in the white muscle of yabbies by CPF, 
MAL, METH and their combinations at 2 µg.L
-1
 (Figure 8.1, 8.4, 8.7 and 8.10). In total, 35 
metabolites were detected including 13 amino acids (AA) and amines, 17 organic acids (OA) 
and fatty acids (FA), 3 sugars and 2 vitamins (Table 8.1-8.4). Only the metabolites that are in 
these metabolite classes and changed significantly compared to the control organisms are 
discussed hereafter. 
 
8.5.1 Yabby metabolite responses to exposure to mixtures of CPF-MAL insecticides 
Yabbies exposed to CPF-MAL mixtures had significant changes in their metabolism 
compared with individual exposure and control organisms (Figure 8.2; Table 8.1, 8.5). The 
total number of up and down regulated metabolites (amino acid, organic acid, fatty acid, 
sugars and vitamin) in yabbies exposed to CPF-MAL was higher than that of yabbies exposed 
to either CPF or MAL individually (12 up and down regulated metabolites compared to 7 and 
6 metabolites in CPF and MAL only treatments, respectively) (Table 8.1, 8.5). Of these 12 
metabolites, 7 were novel metabolites that were not affected by the single CPF or MAL 
treatments. For example, there was a statistically significant increase in the amount of 
methionine (4.0-fold), proline (4.5-fold) and serine (2.8-fold) in yabbies exposed CPF-MAL 
(P< 0.05). However, only alanine levels significantly increased in yabbies exposed to CPF 
(1.6-fold) and MAL (2.0-fold) alone, albeit this amino acid significantly decreased in yabbies 
exposed to CPF-MAL (Table 8.1, 8.5). The level of sugar in yabbies exposed to CPF-MAL 
mixtures also changed when compared with those in the CPF and MAL treatments. While 
sucrose levels decreased 17.2-fold and 2.9-fold in yabbies exposed to CPF and MAL, 
respectively, the sucrose levels were significantly increased in yabbies exposed to CPF-MAL 
(3.7-fold). The number of organic acids and fatty acids that changed in yabbies exposed to 
mixtures of CPF-MAL were also found to be higher than those in the individual CPF and 
MAL treatments (6 organic acids and fatty acids changed compared to 3 in both CPF and 
MAL treatments) (Table 8.1, 8.5). 
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Figure 8.1A Metabolomics analysis of the muscle metabolites from yabbies (n=6). (A) sPLS-
DA 3D scores plot of metabolite profile measured by GC-MS based on metabolomics 
approach for control yabbies (red) and yabbies exposed to CPF (green), MAL (sea) and their 
mixture (blue) at concentration of 2 µg.L
-1
. 
 
 
 
A 
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Figure 8.1B Metabolomics analysis of the muscle metabolites from yabbies (n=6). (B) 
Hierarchically clustered heat maps of the levels of the 36 candidate biomarkers in yabbies 
exposed to CPF, MAL and their mixture. Each metabolite is represented by a single row of 
coloured boxes, whereas columns represent different treatments. Different colours show 
different metabolite level. Different colours show different metabolite level.  Black (z scores 
of = 0) indicates that the concentration of the metabolite is the same as the average. Red (z 
scores of >0) indicates that the concentration of the metabolite is greater than the average, 
while green (z scores of < 0) indicates that the concentration of the metabolite is less than the 
average. The z score was defined by the value of the difference between the observed value 
and the average, which was divided by the standard deviation. 
B 
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Figure 8.2 Logarithmic ratios of sugar, acid amine, organic acid and fatty acid in yabbies 
(n=6) exposed to CPF (blue bars), MAL (red bars) and
 
their mixture (green bars) for 96 hours 
at 2 µg.L
-1
. Relative response ratios were calculated using the metabolite peak area divided by 
both the peak area of the internal standard and the sample weight (g). Fold changes were 
calculated by dividing the response ratios of control by the response ratios of exposed. 
Numbers on the X-axis represent the fold change relative to control. Stars (*) indicates a 
significant difference to control based on a T-test (P < 0.05) but not below the Bonferroni 
corrected value, stars (**) indicates a significant difference based on a T-test (P < 0.05) 
corrected with the Bonferroni corrected value. 
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Table 8.1 Fold change in metabolite abundance in yabbies exposed to mixtures of CPF and 
MAL at 2 µg.L
-1
. Data presented as mean ± SE. Metabolites indicated with letter a are 
significantly different based on a T-test (P<0.05) corrected with the Bonferroni, metabolites 
indicated with letter b are significantly different based on a T-test (P<0.05) but not below the 
Bonferroni –corrected P value. 
Metabolites Control CPF MAL CPF- MAL 
Amino Acids and Amines 
Alanine  1.00 ± 0.11 1.58 ± 0.10
b 
2.02 ± 0.17
b 
-11.73 ± 0.11
 
Asparagine  1.00 ± 0.25 -2.04 ± 0.35 -1.56 ± 0.46 -1.26 ± 0.53 
Beta-alanine  1.00 ± 0.44 -1.55 ± 0.16 1.25 ± 0.21 2.18 ± 0.12 
Glutamic acid 1.00 ± 0.17 6.24 ± 0.25
b
 5.17 ± 0.30
b
 -2.39 ± 0.31 
Glycine  1.00 ± 0.32 5.20 ± 0.55 9.17 ± 0.39 1.57 ± 0.15 
Lysine   1.00 ± 0.23 -2.01 ± 0.25 3.07 ± 0.62 5.07 ± 0.80 
Methionine  1.00 ± 0.08 -1.48 ± 0.18 -1.46 ± 0.24 4.03 ± 0.22 
Phenylalanine 1.00 ± 0.23 1.27 ± 0.14 1.12 ± 0.23 1.02 ± 0.19 
Proline  1.00 ± 0.29 -2.58 ± 0.15 1.47 ± 0.27 4.49 ± 0.28 
Serine  1.00 ± 0.15 1.59 ± 0.20 -2.36 ± 0.27 2.83 ± 0.17 
Tyrosine  1.00 ± 0.66 12.70 ± 0.41 1.69 ± 0.85  1.66 ± 0.64 
Valine  1.00 ± 0.45 -1.57 ± 0.16 1.21 ± 0.22  2.30 ± 0.14 
Organic Acids 
Butyric acid  1.00 ± 0.24 -2.14 ± 0.18
b 
1.35 ± 0.27  -11.24 ±  0.20 
Lactic acid  1.00 ± 0.42 -2.64 ± 0.44 1.64 ± 0.05 2.84 ± 0.37 
Malic acid  1.00 ± 0.17 1.33 ± 0.13 1.85 ± 0.24 -1.88 ± 0.13 
Malonic acid  1.00 ± 0.24 4.89 ± 0.14
b 
13.95 ± 0.26
a 
1.61 ± 0.10 
Phosphoric acid  1.00 ± 0.46  1.50 ± 0.50 1.79 ± 0.03 1.90 ± 0.36  
2-Hydroxylglutamic acid 1.00 ± 0.04 1.27 ± 0.14 1.14 ± 0.12 2.21 ± 0.16 
Sugars  
Glucose 1.00 ± 0.12 -4.88 ± 0.58 1.06 ± 0.14 1.01 ± 0.55 
Myo-inositol  1.00 ± 0.22 1.52 ± 0.26 -1.88 ± 0.41 -1.81 ± 0.34 
Sucrose  1.00 ± 0.03 -17.24 ± 0.27
a 
-2.89 ± 0.40
b 
3.71 ± 0.17 
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Table 8.1 (continued) 
Metabolites Control CPF MAL CPF- MAL 
Fatty acid and Sterol 
Beta-Stigmasterol 1.00 ± 0.08 1.19 ± 0.43 3.66 ± 0.37 3.57 ± 0.30 
Campesterol  1.00 ± 0.06 -1.41 ± 0.35 -1.34 ± 0.41 1.61 ± 0.28  
Cholesterol 1.00 ± 0.35 -1.39 ± 0.42 -2.25 ± 0.33 1.31 ± 0.21 
Heptadecanoic acid  1.00 ± 0.23 3.46 ± 0.09
b 
4.24 ± 0.20
b 
5.05 ± 0.36  
Hexadecanoic acid  1.00 ± 0.11 -1.28 ± 0.27 -1.02 ± 0.20 2.66 ± 0.08 
Pentadecanoic acid  1.00 ± 0.29 -1.86 ± 0.15 2.05 ± 0.28 2.05 ± 0.25 
Octadecadienoic acid  1.00 ± 0.31 1.11 ± 0.29 4.15 ± 0.30
b 
4.29 ± 0.41 
Octadecenoic acid 9Z  1.00 ± 0.26 1.32 ± 0.27 1.18 ± 0.35 2.16 ± 0.36  
Octadecenoic acid 9E  1.00 ± 0.49 -4.31 ± 0.36 -1.24 ± 0.21 2.40 ± 0.29 
Stigmasterol 1.00 ± 0.10 2.10 ± 0.37 1.86 ± 0.42  3.57 ± 0.03 
9Z Hexadecanoic acid  1.00 ± 0.42 -1.45 ± 0.22 1.33 ± 0.32 1.58 ± 0.40 
Vitamin      
Alpha tocopherol 1.00 ± 0.08 2.03 ± 0.35 2.93 ± 0.49 2.01 ± 0.39 
Gamma Tocopherol 1.00 ± 0.07 -8.95 ± 0.27
a
 1.05 ± 0.40 -1.24 ± 0.29 
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Figure 8.3 Metabolomics pathways altered in yabbies exposed to mixture of CPF-MAL at 2 
µg.L
-1
 CPF(green), MAL(blue) and CPF-MAL (sea) compared with control (red). The dotted 
lines represent an indirect relationship between these metabolites. 
 
8.5.2 Yabby metabolite responses to mixtures of CPF-METH exposure 
There were significant differences in the metabolite profile of the yabbies exposed to mixture 
of CPF-METH and CPF or METH alone, as evidenced by the PLS-DA plot and the 
hierarchical cluster and heat maps analysis (Figure 8.4). The number of metabolites affected by 
exposure to CPF-METH (6) was lower than with exposure to CPF and METH alone (Table 
8.2, 8.5). Of these 6 metabolites, 5 were not affected in the CPF or METH treatments and all 
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of these 6 metabolites were up-regulated metabolites. The class and level of amino acids in 
yabbies were significantly different between mixture of CPF-METH and in CPF or METH 
alone treatments (Table 8.2, 8.5). For example, there was a significant increase in the amount 
of methionine (2.0-fold) and proline (2.9-fold) in yabbies exposed to mixtures of CPF-METH 
(p < 0.05). However, only alanine significantly increased in yabbies exposed to CPF (1.6-
fold). The levels of sucrose in the CPF-METH treatments also changed when compared with 
those in CPF or METH treatments (Table 8.2, 8.5). While sucrose levels decreased 17.2-fold 
and 13.2-fold in yabbies exposed to CPF and METH, respectively, the level of this 
disaccharide significantly increased in yabbies exposed to mixtures of CPF-METH (1.7-fold). 
The levels of organic acids and fatty acids exposed to CPF-MAL were also different to those 
in the individual CPF and METH treatments (Table 8.2, 8.5). For instance lactic acid 
increased (3.0-fold) and 2-hydroxylglutamic acid increased (4.6-fold) in yabbies exposed to 
CPF-MAL but were unchanged in the CPF and METH treatments. 
 
    
Figure 8.4 A Metabolomics analysis of the muscle metabolites from yabbies (n=6). (A) 
PLSDA 3D scores plot of metabolite profile measured by GC-MS based on metabolomics 
approach for control yabbies (red) and yabbies exposed to CPF (green), METH (blue) and 
their mixture (sea) at concentration of 2 µg.L
-1
. 
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Figure 8.4 B Metabolomics analysis of the muscle metabolites from yabbies (n=6). (B) 
Hierarchically clustered heat maps of the levels of the 36 candidate biomarkers in yabbies 
exposed to CPF, METH and their mixture. Each metabolite is represented by a single row of 
coloured boxes, whereas columns represent different treatments.   Different colours show 
different metabolite level. Different colours show different metabolite levels. Black (z scores 
of = 0) indicates that the concentration of the metabolite is the same as the average. Red (z 
scores of >0) indicates that the concentration of the metabolite is greater than the average, 
while green (z scores of < 0) indicates that the concentration of the metabolite is less than the 
average. The z score was defined by the value of the difference between the observed value 
and the average, which was divided by the standard deviation. 
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Figure 8.5 Logarithmic ratios of sugar, acid amine, organic acid and fatty acid in yabbies 
(n=6) exposed to CPF (blue bars), METH (red bars) and
 
their mixture (green bars) for 96 
hours at 2 µg.L
-1
. Relative response ratios were calculated using the metabolite peak area 
divided by both the peak area of the internal standard and the sample weight (g). Fold 
changes were calculated by dividing the response ratios of control by the response ratios of 
exposed. Numbers on the X-axis represent the fold change relative to control. Stars (*) 
indicates a significant difference to control based on a T-test (P < 0.05) but not below the 
Bonferroni corrected value, stars (**) indicates a significant difference based on a T-test (P < 
0.05) corrected with the Bonferroni corrected value. 
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Table 8.2 Fold change in metabolite abundance in yabbies exposed to mixtures of CPF and 
METH at 2 µg.L
-1
. Data presented as mean ± SE. Metabolites indicated with letter a are 
significantly different based on a T-test (P<0.05) corrected with the Bonferroni, metabolites 
indicated with letter b are significantly different based on a T-test (P<0.05) but not below the 
Bonferroni –corrected P value. 
Metabolites Control CPF METH CPF- METH 
Amino Acids and Amines 
Alanine  1.00 ± 0.11 1.58 ± 0.10
b 
1.15 ± 0.04 1.18 ± 0.10
 
Asparagine  1.00 ± 0.25 -2.04 ± 0.35 -2.44 ± 0.07 1.58 ± 0.48
 
Beta-alanine  1.00 ± 0.44 -1.55 ± 0.16 -2.28 ± 0.08 -1.10 ± 0.16
 
Glutamic 1.00 ± 0.17 6.24 ± 0.25
b
 1.68 ± 0.13 1.61 ± 0.15 
Glycine  1.00 ± 0.32 5.20 ± 0.55 9.12 ± 0.22
a 
1.03 ± 0.24
 
Lysine   1.00 ± 0.23 -2.01 ± 0.25 70.34 ± 0.40 44. 44 ± 0.75
 
Methionine  1.00 ± 0.08 -1.48 ± 0.18 -6.18 ± 0.34
b 
2.00 ± 0.17
 
Phenylalanine 1.00 ± 0.23 1.27 ± 0.14 -2.44 ± 0.07
b 
1.70 ± 0.19
 
Proline  1.00 ± 0.29 -2.58 ± 0.15 -3.53 ± 0.07
b 
2.86 ± 0.25
 
Serine  1.00 ± 0.15 1.59 ± 0.20 -1.80 ± 0.23 1.88 ± 0.33
 
Tyrosine  1.00 ± 0.66 12.70 ± 0.41 13.19 ± 0.56 22. 47 ± 0.60
 
Valine  1.00 ± 0.45 -1.57 ± 0.16 -2.42 ± 0.09 -1.11 ± 0.19
 
Organic Acids 
Butyric acid  1.00 ± 0.24 -2.14 ± 0.18
b 
-1.52 ± 0.08 1.21 ± 0.14
 
Lactic acid  1.00 ± 0.42 -2.64 ± 0.44 1.01 ± 0.31 2.99 ± 0.38 
 
Malic acid  1.00 ± 0.17 1.33 ± 0.13 -1.97 ± 0.06
b 
-1.19 ± 0.19
 
Malonic acid  1.00 ± 0.24 4.89 ± 0.14
b 
6.15 ± 0.09
a 
1.16 ± 0.38
 
Phosphoric acid  1.00 ± 0.46  1.50 ± 0.50 1.22 ± 0.28 1.63 ± 0.40
 
2-Hydroxylglutamic acid 1.00 ± 0.04 1.27 ± 0.14 1.49 ± 0.21 4.58 ± 0.16
 
Sugars  
Glucose 1.00 ± 0.12 -4.88 ± 0.58 -1.78 ± 0.45 1.97 ± 0.38
 
Myo-inositol  1.00 ± 0.22 1.52 ± 0.26 -2.27 ± 0.31 1.27 ± 0.24
 
Sucrose  1.00 ± 0.03 -17.24 ± 0.27
a 
-13.23±0.29
a 
1.71 ± 0.05
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Table 8.2 (continued) 
Metabolites Control CPF METH CPF- METH 
Fatty acid and Sterol 
Beta-Stigmasterol 1.00 ± 0.08 1.19 ± 0.43 1.12 ± 0.39 2.98 ± 0.35 
 
Campesterol  1.00 ± 0.06 -1.41 ± 0.35 -1.88 ± 0.32  1.30 ± 0.22
 
Cholesterol 1.00 ± 0.35 -1.39 ± 0.42 -2.22 ± 0.48 1.09 ± 0.28
 
Heptadecanoic acid  1.00 ± 0.23 3.46 ± 0.09
b 
2.17 ± 0.26 2.76 ± 0.43
 
Hexadecanoic acid  1.00 ± 0.11 -1.28 ± 0.27 1.42 ± 0.03
b 
1.36 ± 0.01
 
Pentadecanoic acid  1.00 ± 0.29 -1.86 ± 0.15 -1.33 ± 0.14  -1.22 ± 0.40
 
Octadecadienoic acid  1.00 ± 0.31 1.11 ± 0.29 -1.14 ± 0.18 2.74 ± 0.29
 
Octadecenoic acid 9Z  1.00 ± 0.26 1.32 ± 0.27 -1.68 ± 0.17 1.24 ± 0.41
 
Octadecenoic acid 9E  1.00 ± 0.49 -4.31 ± 0.36 -2.28 ± 0.17 1.82 ± 0.44
 
Stigmasterol 1.00 ± 0.10 2.10 ± 0.37 1.35 ± 0.35  2.45 ± 0.29 
 
9Z Hexadecanoic acid  1.00 ± 0.42 -1.45 ± 0.22 -1.09 ± 0.18 1.05 ± 0.26
 
Vitamin      
Alpha tocopherol 1.00 ± 0.08 2.03 ± 0.35 1.56 ± 0.37 1.30 ± 0.41 
Gamma Tocopherol 1.00 ± 0.07 -8.95 ± 0.27
a
 -2.06 ± 0.25
b
 1.09 ± 0.24  
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Figure 8.6 Metabolomics pathways altered in yabbies exposed to mixture of CPF-METH at 2 
µg.L
-1
 CPF(green), METH(blue) and CPF-METH (sea) compared with control (red). The 
dotted lines represent an indirect relationship between these metabolites.  
 
 
8.5.3 Yabby metabolite responses upon exposure to mixtures of MAL-METH exposure 
Exposure to MAL-METH produced different metabolic profiles of the yabbies compared to 
CPF or MAL treatments, as evidenced by the PLS-DA plot and the hierarchical cluster and heat 
maps analysis (Figure 8.7). The number of metabolites whose levels changed significantly in 
yabbies exposed to MAL-METH mixtures (11) was higher than that in the MAL and METH 
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treatments (Table 8.3, 8.5). Of these 11 metabolites, 5 were not affected in the MAL or 
METH treatments. Lysine (1.4-fold), serine decreased (1.7-fold), and lactic acid increased 
(1.8-fold), while campesterol and cholesterol decreased (2.7 and 1.40-fold, respectively). 
However, these metabolites were unchanged in the MAL and METH treatments (Table 8.3, 
8.5). 
 
     
Figure 8.7A Metabolomics analysis of the muscle metabolites from yabbies (n=6). (A) 
PLSDA 2D scores plot of metabolite profile measured by GC-MS based on metabolomics 
approach for control yabbies (rose) and yabbies exposed to MAL (green), METH (sea) and 
their mixture (purple) at concentration of 2 µg.L
-1 
The closer the ellipses, the closer the 
groups cluster together and the closer the similarity between metabolite profiles. 
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Figure 8.7B Metabolomics analysis of the muscle metabolites from yabbies (n=6). (B) 
Hierarchically clustered heat maps of the levels of the 36 candidate biomarkers in yabbies 
exposed to MAL, METH and their mixture. Each metabolite is represented by a single row of 
coloured boxes, whereas columns represent different treatments. Different colours show 
different metabolite level. Different colours show different metabolite levels. Black (z scores 
of = 0) indicates that the concentration of the metabolite is the same as the average. Red (z 
scores of >0) indicates that the concentration of the metabolite is greater than the average, 
while green (z scores of < 0) indicates that the concentration of the metabolite is less than the 
average. The z score was defined by the value of the difference between the observed value 
and the average, which was divided by the standard deviation. 
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Figure 8.8 Logarithmic ratios of sugar, acid amine, organic acid and fatty acid in yabbies (n-
12) exposed to MAL (blue bars), METH (red bars) and
 
their mixture (green bars) for 96 hours 
at 2 µg.L
-1
. Relative response ratios were calculated using the metabolite peak area divided by 
both the peak area of the internal standard and the sample weight (g). Fold changes were 
calculated by dividing the response ratios of control by the response ratios of exposed. 
Numbers on the X-axis represent the fold change relative to control. Stars (*) indicates a 
significant difference to control based on a T-test (P < 0.05) but not below the Bonferroni 
corrected value, stars (**) indicates a significant difference based on a T-test (P < 0.05) 
corrected with the Bonferroni corrected value. 
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Table 8.3 Fold change in metabolite abundance in yabbies exposed to mixtures of MAL and 
METH at 2 µg.L
-1
. Data presented as mean ± SE. Metabolites indicated with letter a are 
significantly different based on a T-test (P<0.05) corrected with the Bonferroni, metabolites 
indicated with letter b are significantly different based on a T-test (P<0.05) but not below the 
Bonferroni –corrected P value. 
Metabolites Control MAL METH MAL- METH 
Amino Acids and Amines 
Alanine  1.00 ± 0.11 2.02 ± 0.17
b 
1.15 ± 0.04 2.01 ± 0.05 
Asparagine  1.00 ± 0.25 -1.56 ± 0.46 -2.44 ± 0.07 -2.73 ± 0.42  
Beta-alanine  1.00 ± 0.44 1.25 ± 0.21 -2.28 ± 0.08 -2.05 ± 0.22 
Glutamic acid 1.00 ± 0.17 5.17 ± 0.30
b
 1.68 ± 0.13 1.17 ± 0.02  
Glycine  1.00 ± 0.32 9.17 ± 0.39 9.12 ± 0.22
a 
11.25 ± 0.14 
Lysine   1.00 ± 0.23 3.07 ± 0.62 70.34 ± 0.40 -1.41 ± 0.29 
Methionine  1.00 ± 0.08 -1.46 ± 0.24 -6.18 ± 0.34
b 
-3.42 ± 0.20 
Phenylalanine 1.00 ± 0.23 1.12 ± 0.23 -2.44 ± 0.07
b 
-1.07 ± 0.05  
Proline  1.00 ± 0.29 1.47 ± 0.27 -3.53 ± 0.07
b 
-3.64 ± 0.07 
Serine  1.00 ± 0.15 -2.36 ± 0.27 -1.80 ± 0.23 -1.73 ± 0.21 
Tyrosine  1.00 ± 0.66 1.69 ± 0.85  13.19 ± 0.56 3.27 ± 0.19 
Valine  1.00 ± 0.45 1.21 ± 0.22 -2.42 ± 0.09 -2.15 ± 0.20 
Organic Acids 
Butyric acid  1.00 ± 0.24 1.35 ± 0.27  -1.52 ± 0.08 1.25 ± 0.11 
Lactic acid  1.00 ± 0.42 1.64 ± 0.05 1.01 ± 0.31 1.82 ± 0.08 
Malic acid  1.00 ± 0.17 1.85 ± 0.24 -1.97 ± 0.06
b 
-1.71 ± 0.08 
Malonic acid  1.00 ± 0.24 13.95 ± 0.26
a 
6.15 ± 0.09
a 
9.88 ± 0.11 
Phosphoric acid  1.00 ± 0.46 1.79 ± 0.03 1.22 ± 0.28 1.67 ± 0.10 
2-Hydroxylglutamic acid 1.00 ± 0.04 1.14 ± 0.12 1.49 ± 0.21 1.51 ± 0.06 
Sugars  
Glucose 1.00 ± 0.12 1.06 ± 0.14 -1.78 ± 0.45 -1.75 ± 0.31 
Myo-inositol  1.00 ± 0.22 -1.88 ± 0.41 -2.27 ± 0.31 -1.01 ± 0.18 
Sucrose  1.00 ± 0.03 -2.89 ± 0.40
b 
-13.23±0.29
a 
-8.69 ± 0.20 
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Table 8.3 (continued) 
Metabolites Control MAL METH MAL- METH 
Fatty acid and Sterol 
Beta-Stigmasterol 1.00 ± 0.08 3.66 ± 0.37 1.12 ± 0.39 1.14 ± 0.32 
Campesterol  1.00 ± 0.06 -1.34 ± 0.41 -1.88 ± 0.32  -2.66 ± 0.32 
Cholesterol 1.00 ± 0.35 -2.25 ± 0.33 -2.22 ± 0.48 -1.38 ± 0.26 
Heptadecanoic acid  1.00 ± 0.23 4.24 ± 0.20
b 
2.17 ± 0.26 3.80 ± 0.38 
Hexadecanoic acid  1.00 ± 0.11 -1.02 ± 0.20 1.42 ± 0.03
b 
2.31 ± 0.11 
Pentadecanoic acid  1.00 ± 0.29 2.05 ± 0.28 -1.33 ± 0.14  2.12 ± 0.23 
Octadecadienoic acid  1.00 ± 0.31 4.15 ± 0.30
b 
-1.14 ± 0.18 1.81 ± 0.33 
Octadecenoic acid 9Z  1.00 ± 0.26 1.18 ± 0.35 -1.68 ± 0.17 1.35 ± 0.20 
Octadecenoic acid 9E  1.00 ± 0.49 -1.24 ± 0.21 -2.28 ± 0.17 -1.61 ± 0.21 
Stigmasterol 1.00 ± 0.10 1.86 ± 0.42  1.35 ± 0.35  1.45 ± 0.34 
9Z Hexadecanoic acid  1.00 ± 0.42 1.33 ± 0.32 -1.09 ± 0.18 1.21 ± 0.41 
Vitamin      
Alpha tocopherol 1.00 ± 0.08 2.93 ± 0.49 1.56 ± 0.37 1.12 ± 0.41 
Gamma Tocopherol 1.00 ± 0.07 1.05 ± 0.40 -2.06 ± 0.25
b
 -1.81 ± 0.23 
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Figure 8.9 Metabolomics pathways altered in yabbies exposed to mixture of CPF-MAL at 
2µg.L
-1
 MAL (green), METH (blue) and MAL-METH (sea) compared with control (red). The 
dotted lines represent an indirect relatiionship between these metabolites.  
 
8.5.4 Yabby metabolite responses to exposure to ternary mixtures of CPF-MAL-METH. 
There were only 4 metabolites whose levels changed in yabbies exposed to the ternary 
mixture of CPF-MAL-METH (Table 8.4, 8.5). Of these 4 metabolites, 2 metabolites were not 
affected by single CPF, MAL or METH treatments. 2-hydroxylglutamic increased (4.6-fold) 
and cholesterol decreased (1.4-fold) in yabbies exposed to CPF-MAL-METH. However, 
these metabolites were unchanged in both MAL and METH treatments (Table 8.4, 8.5). 
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Figure 8.10A Metabolomics analysis of the muscle metabolites from yabbies (n=6). (A) PLS-
DA 2D scores plot of metabolite profile measured by GC-MS based on metabolomics 
approach for control yabbies (rose) and yabbies exposed to CPF (green), MAL (sea), METH 
(pink) and their mixture (purple) at concentration of 2 µg.L
-1
. The closer the ellipses, the 
closer the groups cluster together and the closer the similarity between metabolite profiles. 
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Figure 8.10B Metabolomics analysis of the muscle metabolites from yabbies (n=6). (B) 
Hierarchically clustered heat maps of the levels of the 36 candidate biomarkers in yabbies 
exposed to CPF, MAL, METH and their mixture. Each metabolite is represented by a single 
row of coloured boxes, whereas columns represent different treatments. Different colours 
show different metabolite level. Different colours show different metabolite level.  Black (z 
scores of = 0) indicates that the concentration of the metabolite is the same as the average. 
Red (z scores of >0) indicates that the concentration of the metabolite is greater than the 
average, while green (z scores of < 0) indicates that the concentration of the metabolite is less 
than the average. The z score was defined by the value of the difference between the observed 
value and the average, which was divided by the standard deviation. 
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Figure 8.11 Logarithmic ratios of sugar, acid amine, organic acid and fatty acid in yabbies 
(n=6) exposed to CPF (blue bars), MAL (red bars), METH (green bars) and
 
their mixture 
(violet bars) for 96 hours at 2 µg.L
-1
. Relative response ratios were calculated using the 
metabolite peak area divided by both the peak area of the internal standard and the sample 
weight (g). Fold changes were calculated by dividing the response ratios of control by the 
response ratios of exposed. Numbers on the X-axis represent the fold change relative to 
control. Stars (*) indicates a significant difference to control based on a T-test (P < 0.05) but 
not below the Bonferroni corrected value, stars (**) indicates a significant difference based 
on a T-test (P < 0.05) corrected with the Bonferroni corrected value. 
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Figure 8.12 Metabolomics pathways altered in yabbies exposed to mixture of CPF-MAL-
METH at 2 µg.L
-1
 CPF(green), MAL(blue), METH(sea) and CPF-MAL-METH (violet) 
compared with control (red). The dotted lines represent an indirect relationship between these 
metabolites.  
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Table 8.4 Fold change in metabolite abundance in yabbies exposed to mixtures of CPF, MAL 
and METH at 2 µg.L
-1
. Data presented as mean ± SE. Metabolites indicated with letter a are 
significantly different based on a T-test (P<0.05) corrected with the Bonferroni, metabolites 
indicated with letter b are significantly different based on a T-test (P<0.05) but not below the 
Bonferroni –corrected P value. 
Metabolites Control CPF MAL METH CPF- MAL-
METH 
Amino Acids and Amines  
Alanine  1.00 ± 0.11 1.58 ± 0.10b 2.02 ± 0.17b 1.15 ± 0.04 2.29 ± 0.02 
Asparagine  1.00 ± 0.25 -2.04 ± 0.35 -1.56 ± 0.46 -2.44 ± 0.07 -1.23 ± 0.43 
Beta-alanine  1.00 ± 0.44 -1.55 ± 0.16 1.25 ± 0.21 -2.28 ± 0.08 2. 03 ± 0.29 
Glutamic acid 1.00 ± 0.17 6.24 ± 0.25b 5.17 ± 0.30b 1.68 ± 0.13 3.41 ± 0.33 
Glycine  1.00 ± 0.32 5.20 ± 0.55 9.17 ± 0.39 9.12 ± 0.22a 3.58 ± 0.06 
Lysine   1.00 ± 0.23 -2.01 ± 0.25 3.07 ± 0.62 70.34 ± 0.40 2.63 ± 0.45 
Methionine  1.00 ± 0.08 -1.48 ± 0.18 -1.46 ± 0.24 -6.18 ± 0.34b 4.87 ± 0.08 
Phenylalanine 1.00 ± 0.23 1.27 ± 0.14 1.12 ± 0.23 -2.44 ± 0.07b 4.91 ± 0.09 
Proline 1.00 ± 0.29 -2.58 ± 0.15 1.47 ± 0.27 -3.53 ± 0.07b 2.01 ± 0.37 
Serine  1.00 ± 0.15 1.59 ± 0.20 -2.36 ± 0.27 -1.80 ± 0.23 -1.25 ± 0.41 
Tyrosine  1.00 ± 0.66 12.70 ± 0.41 1.69 ± 0.85  13.19 ± 0.56 -1.53 ± 0.27  
Valine  1.00 ± 0.45 -1.57 ± 0.16 1.21 ± 0.22 -2.42 ± 0.09 1.98 ± 0.31 
Organic Acids  
Butyric acid  1.00 ± 0.24 -2.14 ± 0.18b 1.35 ± 0.27  -1.52 ± 0.08 1.57 ± 0.17 
Lactic acid  1.00 ± 0.42 -2.64 ± 0.44 1.64 ± 0.05 1.01 ± 0.31 3.12 ± 0.13 
Malic acid  1.00 ± 0.17 1.33 ± 0.13 1.85 ± 0.24 -1.97 ± 0.06b 1.71 ± 0.07 
Malonic acid  1.00 ± 0.24 4.89 ± 0.14b 13.95 ± 0.26a 6.15 ± 0.09a 4.04 ± 0.21 
Phosphoric acid  1.00 ± 0.46  1.50 ± 0.50 1.79 ± 0.03 1.22 ± 0.28 1.36 ± 0.13  
2-Hydroxylglutamic acid 1.00 ± 0.04 1.27 ± 0.14 1.14 ± 0.12 1.49 ± 0.21 4.60 ± 0.09 
Sugars   
Alpha tocopherol 1.00 ± 0.08 2.03 ± 0.35 2.93 ± 0.49 1.56 ± 0.37 1.47 ± 0.25 
Gamma Tocopherol 1.00 ± 0.07 -8.95 ± 0.27a 1.05 ± 0.40 -2.06 ± 0.25b -1.27 ± 0.30 
Glucose 1.00 ± 0.12 -4.88 ± 0.58 1.06 ± 0.14 -1.78 ± 0.45 -1.29 ± 0.55 
Myo-inositol  1.00 ± 0.22 1.52 ± 0.26 -1.88 ± 0.41 -2.27 ± 0.31 -1.05 ± 0.43 
Sucrose  1.00 ± 0.03 -17.24 ± 0.27a -2.89 ± 0.40b -13.23±0.29a -6.21 ± 0.05 
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Table 8.4 (continued) 
Metabolites Control CPF MAL METH CPF- MAL-
METH 
Fatty acid and Sterol  
Beta-Stigmasterol 1.00 ± 0.08 1.19 ± 0.43 3.66 ± 0.37 1.12 ± 0.39 -1.03 ± 0.26 
Campesterol  1.00 ± 0.06 -1.41 ± 0.35 -1.34 ± 0.41 -1.88 ± 0.32  -1.11 ± 0.33 
Cholesterol 1.00 ± 0.35 -1.39 ± 0.42 -2.25 ± 0.33 -2.22 ± 0.48 -1.38 ± 0.22 
Heptadecanoic acid  1.00 ± 0.23 3.46 ± 0.09b 4.24 ± 0.20b 2.17 ± 0.26 3.42 ± 0.06 
Hexadecanoic acid  1.00 ± 0.11 -1.28 ± 0.27 -1.02 ± 0.20 1.42 ± 0.03b 3.58 ± 0.15 
Pentadecanoic acid  1.00 ± 0.29 -1.86 ± 0.15 2.05 ± 0.28 -1.33 ± 0.14  2.88 ± 0.10 
Octadecadienoic acid  1.00 ± 0.31 1.11 ± 0.29 4.15 ± 0.30b -1.14 ± 0.18 2.01 ± 0.69 
Octadecenoic acid 9Z  1.00 ± 0.26 1.32 ± 0.27 1.18 ± 0.35 -1.68 ± 0.17 2.12 ± 0.41  
Octadecenoic acid 9E  1.00 ± 0.49 -4.31 ± 0.36 -1.24 ± 0.21 -2.28 ± 0.17 7.24 ± 0.56 
Stigmasterol 1.00 ± 0.10 2.10 ± 0.37 1.86 ± 0.42  1.35 ± 0.35  1.44 ± 0.23 
9Z Hexadecanoic acid  1.00 ± 0.42 -1.45 ± 0.22 1.33 ± 0.32 -1.09 ± 0.18 -1.03 ± 0.46 
Vitamin       
Alpha tocopherol 1.00 ± 0.08 2.03 ± 0.35 2.93 ± 0.49 1.56 ± 0.37 1.47 ± 0.25 
Gamma Tocopherol 1.00 ± 0.07 -8.95 ± 0.27a 1.05 ± 0.40 -2.06 ± 0.25b -1.27 ± 0.30 
 
8.6 Discussion 
The GC-MS metabolomics analysis indicated there was some interaction between the three 
insecticides on the muscle metabolites levels when given in binary or ternary mixtures 
(Figure 8.2, 8.5, 8.8, 8.11; Table 8.5).  Overall in the individual and mixed insecticide 
exposure treatments, the production of 22 different metabolites was affected. Of these 22 
metabolites, 7, 6 and 9 respectively were significantly affected in CPF, MAL and METH 
treatments, respectively, and may represent either a generalized response to 
acetycholinesterase (AChE) inhibitors or effects specific to CPF, MAL and METH.  The 
number of metabolites whose levels were significantly changed in the CPF-MAL treatments 
(12 unique metabolites) was higher than that in both CPF (7 metabolites) and MAL (6 
metabolites) treatment, which suggests that an additive interaction may exist between CPF 
and MAL (Table 8.5). A similar pattern also was observed in the mixture of MAL-METH 
(Table 8.5). However, the number of metabolites with significantly changed levels in the 
CPF-METH treatments (6 unique metabolites), and CPF-MAL-METH exposures (only 4 
metabolites) was lower than that of individual treatments, which suggests an antagonistic 
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interaction may exist in these mixtures (Table 8.5). That four different combinations of 
insecticides with similar mechanisms of action can cause different effects may be explained 
by the interactions between internal dose or bioavailable concentration of the chemical 
through the binding of one of more of the chemicals to a receptor through which toxicity may 
be mediated (Dondero et al., 2010; Spurgeon et al., 2010; Wang et al., 2014). 
Among the metabolites with altered profiles in both individual and insecticide mixtures many 
are essential amino acids, such as alanine, glycine, lysine, that are necessary for protein 
synthesis, as well as stress responses and energy production in yabbies. Changes in these 
metabolites (Figure 8.3, 8.6, 8.9 and 8.12) may be a result of altered metabolomic pathways. 
The possibility of protein synthesis acceleration and its dependence on MAL exposure 
concentration has been reported in Tilapia mossambica (Sahib et al., 1984), and in Sciaenops 
ocellatus (McCarthy and Fuiman, 2008). In this study, alanine was up regulated in yabbies 
exposed to CPF and MAL treatments but down regulated in mixture of these insecticides. The 
regulation in alanine in stressed organisms has been explained by a concomitant increase in 
expression of stress protein synthesis genes (Forcella et al., 2007; Howard et al., 2010). 
altered glycolysis (Ch et al., 2015), and a shift in energetics, possibly due to amino acid 
catabolism (Ralston‐Hooper et al., 2011). Glycine was up regulated in METH, MAL-METH 
and CPF-MAL-METH treatments (Table 8.5). The increase of glycine and lysine may be 
explained by the Ops enhancing protein metabolism in invertebrates under stress to increase 
free amino acids available for catabolism (Nath et al., 1997). Similar to alanine, the increase 
in glycine in stressed organisms has been explained by a concomitant increase in expression 
of stress protein synthesis genes (Forcella et al., 2007; Howard et al., 2010). An increase in 
glycine levels may, however, offer a protective effect at the acceptor ligand interaction sites 
near the plasma membrane due to its small, neutral structure (Weinberg et al., 1990). The 
presence of glycine near membrane plays an important role in balancing lipid fluidity which 
is known as osmolytes (Nissim et al., 1992). The insecticides used in this study are highly 
toxic and the accumulation of these chemicals in the yabbies’ plasma membranes may cause 
disturbance of membrane lipids (Cascorbi et al., 1991; Franks and Lieb, 1981). The function 
of membrane proteins can be changed as many proteins are needed to fuse for activation. 
Therefore, the fluidity of the surrounding membrane lipids and their operation can be 
influenced due to the presence of these chemicals near the protein-lipid interface. The 
significant changes of alanine and glycine observed may a defensive mechanism to exposure 
to these insecticides. The amino acid methionine was up regulated in mixtures of CPF-MAL 
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and CPF-METH, but it was down regulated in the METH treatment. Another amino acid, 
serine was up regulated in mixtures of CPF-MAL and down regulated in MAL-METH (Table 
8.5). Both these amino acids play an important role in aminoacyl-tRNA biosynthesis, which 
is essential for DNA replication (O'Donoghue and Luthey-Schulten, 2003). These amino 
acids are also considered as biomarkers of oxidative stress and play a substantial role as part 
of the antioxidant defence system; while they are also part of the cysteine methionine 
metabolism pathway (Ichu et al., 2014; Wagner et al., 2017). 
 
Sucrose and lactic acid are important in glycolysis (Figure 8.3, 8.6, 8.9 and 8.12) which in 
turn is part of the starch and sugar metabolism pathway (Gray et al., 2014). In our study, 
lactic acid was up regulated in all binary mixtures (Table 8.5), possibly indicating an increase 
in energetics necessary for detoxification following insecticide exposure. However, sucrose 
was down regulated in CPF, MAL, METH, MAL-METH and CPF-MAL-METH treatments, 
which perhaps indicates an increase in ATP production from glycogenolysis and glycolysis 
(Figure 8.3, 8.6, 8.9 and 8.12). Stressed yabbies may need to produce extra energy to remove 
these OP and CB chemicals by the action of cytochrome P450. Cytochrome P450 is found in 
many species and plays an important role in the detoxification and inactivation of xenobiotic 
chemicals (Rocha-e-Silva et al., 2001) through a two phase process of functionalization and 
conjugation (Saint-Denis et al., 1999). Decreased glycolysis has also been observed in rats 
after  exposure to malathion and chlorpyrifos (Wang et al., 2014; Xu et al., 2017). 
 
In terms of selecting candidate biomarkers for yabbies exposed to mixtures of the pesticides 
investigated it is not clear if the changes in metabolites observed following exposure to the 
chemicals are transient or reversible. If they are persistent following exposure to the 
chemicals they may be unique biomarkers of exposure. When yabbies were exposed to 
mixtures of CPF-MAL, alterations in 16 metabolites were identified. These are mainly 
intermediates and products in energy and amino acid metabolism (Figure 8.13, Table 8.5). Of 
these, only methionine, proline, serine, lactic acid, malic acid, hydroxyglutamic acid, and 
stigmasterol in yabbies exposed to CPF-MAL were significantly different to the control; and 
could be further investigated as unique biomarkers for this mixture (Figure 8.13, Table 8.5).  
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Table 8.5 Metabolites significantly up (↑) or down (↓) in yabbies exposed to CPF, MAL, 
METH and their mixtures relative to the control group (T-test p<0.05). CPF= chlorpyrifos, 
MAL= malathion, METH = methomyl. 
 
Metabolite 
Insecticide treatment 
CPF MAL METH CPF-
MAL 
CPF-
METH 
MAL-
METH 
CPF-MAL-
METH 
Amino Acids and Amines 
Alanine  ↑  .6 ↑ 2.0  ↓ 11.7    
Glutamic acid ↑ 6.2 ↑ 5.1      
Glycine    ↑ 9.1   ↑ 11.2 ↑ 3.6 
Lysine        ↓ 1.4  
Methionine    ↓ 6.2 ↑ 4.0 ↑ 2.0   
Phenylalanine   ↓ 2.4     
Proline    ↓ 3.5 ↑ 4.5 ↑ 2.9 ↓ 3.6  
Serine     ↑ 2.8  ↓ 1.7  
Organic Acids 
Butyric acid  ↓ 2.1   ↓ 11.2    
Lactic acid     ↑ 2.8 ↑ 3.0 ↑ 1.8  
Malic acid    ↓ 1.9 ↓ 1.8  ↓ 1.7  
Malonic acid  ↑ 4.9 ↑ 13.9 ↑ 6.1   ↑ 9.9  
2-Hydroxylglutamic acid    ↑ 2.2 ↑ 4.6  ↑ 4.6 
Sugars  
Sucrose  ↓ 17.2 ↓ 2.9 ↓ 13.2 ↑ 3.7 ↑ 1.7 ↓ 8.7 ↓ 6.2 
Fatty acid and Sterol 
Beta-Stigmasterol    ↑ 3.6    
Campesterol       ↓ 2.7  
Cholesterol      ↓ 1.4 ↓ 1.4 
Heptadecanoic acid  ↑ 3.5 ↑ 4.2  ↑ 5.0    
Hexadecanoic acid    ↑ 1.4     
Octadecadienoic acid   ↑ 4.1      
Stigmasterol    ↑ 3.6 ↑ 2.5   
Vitamin 
Gamma Tocopherol ↓ 8.9  ↓ 2.1   ↓ 1.8  
 
Total up regulated 4 5 3 9 6 3 2 
Total down regulated 3 1 6 3 0 8 2 
Total up or down regulated 7 6 9 12 6 11 4 
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Figure 8.13 A summary diagram of biomarker identification for yabbies exposed to CPF, 
MAL, METH and their mixtures A (CPF-MAL) B (CPF-METH), C (MAL-METH). The 
areas of circles with no overlap represent the unique biomarkers for treatments.  
 
Similarly, 16 candidate biomarkers for the mixture of CPF-METH were identified (Fig. 7, 
Table 1), but only lactic acid, hydroxyglutamic, and stigmasterol can be considered for 
further investigation as unique biomarkers for exposure to a mixture of CPF-METH (Figure 
8.13, Table 8.5). Nineteen candidate biomarkers were determined for the mixtures of MAL-
METH (Figure 8.13, Table 8.5), but only lysine, lactic acid, campesterol and cholesterol were 
unique and could be identified as possible biomarkers for this mixture (Figure 8.13, Table 
8.5). In the ternary mixture of CPF-MAL-METH, two metabolites (2-hydroglutamic acid and 
        
 
A 
C 
B 
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cholesterol) were unique biomarkers for exposure to this ternary mixture (Figure 8.13, Table 
8.5) and worthy of further investigation. Overall, those metabolites indicative of neurotoxicity 
of CPF, MAL and METH were found to be primarily involved in energy metabolism and 
amino acid metabolism. 
 
 
8.7 Conclusion 
Pesticide mixtures continue to pose major challenges to environmental assessments. The 
findings in this study emphasize that pesticide mixtures can cause changes in the 
metabolomic profiles and pathways in yabbies depending on pesticide-specific interactions in 
an aquatic system. Unique biomarkers of exposure were identified for three binary and one 
ternary mixture of insecticides. These biomarkers will be useful for monitoring crayfish 
responses at field sites with mixtures of chemicals to determine which compounds are 
bioavailable, affecting the metabolism of yabbies and potentially having an impact on 
organism fitness. These results may also provide new insights into the mechanism of 
pesticide toxicity. Further work is required to confirm if the results in this experimental study 
are also observed in field situations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
149 
 
CHAPTER 9                   GENERAL DISCUSSION AND CONCLUSION 
 
9.1 General discussion 
The overall aim of the present study was to evaluate the sub-lethal effects of two OP 
insecticides (CPF and MAL) and one CB insecticide (METH), both individually and in 
mixtures on the Australian fresh water crayfish Cherax destructor using four different 
biomarkers (AChE, BChE, Na
+
/K
+
ATPase, GST) and metabolomics methods. The intent was 
to evaluate the risk of adverse effects associated with the release of these insecticides into 
aquatic ecosystems. This chapter provides a synthesis of the results and the conclusions of 
this research. Some suggestions regarding the limitation of the current study and possibilities 
for future research efforts will also be discussed. 
 
The continued use of these insecticides to control agricultural pests means that aquatic 
invertebrates will undoubtedly be exposed to such chemicals. The question is not whether 
organisms will be exposed, but rather for how long organisms will be exposed and will 
exposure concentrations be lethal or sub-lethal, causing direct or indirect effects. The effect of 
sub-lethal concentrations is therefore a live issue that requires further investigation and 
research. Both OP and CB insecticides target the neural enzymes, most notably 
cholinesterases. Sub-lethal concentrations of CPF, MAL and METH significantly altered 
AChE, BChE, Na
+
/K
+
ATPase and GST in C. destructor in the short term, but activity was 
restored once organisms were no longer exposed to the chemicals. This suggests that this 
species is likely to be a good indicator of short-term exposures to these pesticides, even at low 
levels of contamination that may occur through spray drift and runoffs. This study provided 
the first dataset on AChE, BChE, Na
+
/K
+
ATPase and GST inhibition for a native Australian 
decapod species C. destructor, and so functions as valuable information for future research on 
juveniles of other native aquatic invertebrate species such as Australian freshwater shrimp 
(Paratya australiensis). However, the yabby may be less sensitive than other untested species 
as demonstrated by Khan and Nugegoda (2007b) for trace metals so more research using 
alternative species is necessary in order to fully evaluate the sub-lethal effects of these 
insecticides, and other chemicals that have the same mode of action (Chapter 4).   
 
 
The evaluation of sub-lethal effects based on individual insecticides may underestimate the 
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risk of chemical combinations to aquatic species. When yabbies were exposed to different 
binary and ternary mixtures of CPF, MAL and METH and the activity of AChE determined, 
more than 50% of the mixtures caused enzyme inhibition that was more than the sum of the 
expected inhibition based on the effects of the chemical alone (greater than additive), 17% 
were synergistic and only 5% were antagonistic. After the recovery period (14 days), the rate 
of AChE recovery in C. destructor exposed to single insecticides was faster than that in 
yabbies exposed to mixtures. Specifically, C. destructor exposed to single concentrations of 
CPF, MAL and METH exhibited a 22-32% AChE inhibition, with 73-83% recovery in AChE 
activity after 14 days. However, AChE inhibition in yabbies exposed to mixtures of these 
insecticides was still significantly reduced (10-29%) after two weeks. This indicates that the 
effect of almost all mixtures of these insecticides on AChE were higher than could be 
expected for individual insecticides. Therefore, it is suggested that the current guidelines 
based on sub-lethal effects of single insecticides may not provide adequate protection for 
Australian aquatic wildlife (Pollack, 1997); and also emphasises the importance of  
environmental risk assessments of chemical mixtures on non-target aquatic organisms 
(Chapter 5). 
 
Further, ecological risk assessments based on only one type of stressor are likely to 
underestimate threats to yabbies where two types of stressors co-occur, particularly if they 
interact. Sub-lethal adverse effects observed when yabbies were exposed to individual and 
combinations of CPF, MAL and METH insecticides under different water temperatures 
highlighted how elevated temperature can significantly increase toxicity outcomes of 
insecticides. Climate change, with its predicted increases in temperature and seasonal changes 
is likely to have profound effects on the physiology of aquatic organisms resulting in altered 
toxicity of chemicals. This research provides valuable information contributing to a growing 
awareness that water temperature can influence the sub lethal effects of OP and CB 
insecticides on yabbies and other aquatic organisms. The findings in this study can also be 
used in pesticide application decisions, operating procedures or waterway monitoring in order 
to reduce sub lethal effect of insecticides to yabbies and aquatic species. This research also 
provides useful information in predicting and evaluating potential effects of multiple stressors 
on C. destructor and other aquatic species and highlights the need to understand the 
interaction of one type of stressor with another; and their overall combined impacts for 
empirical studies (Chapter 6). 
151 
 
The findings of this study indicate that there was a significant change in the amino acid level 
in yabbies exposed to CPF, MAL, METH and their mixtures, which suggests that these 
insecticides and their compounds possibly modify metabolism such as to have negative 
effects on the yabbies, and potentially other aquatic species that use amino acids to regulate 
the cell volume or the concentrations of key metabolites by maintaining the osmotic 
concentration of their metabolic pool (Abe, 2002; De Vooys and Geenevasen, 2002). 
Therefore changes in amino acids levels along with other metabolites could be used to 
identify useful biomarkers for aquatic organisms exposed to a particular chemical stress 
(Chapter 7 and 8). 
 
The results of the current study have a number of implications for our understanding of the 
responses to both individual and mixtures pesticide exposure in fresh water crayfish and 
define the necessary for future environmental risk assessments such as pesticide registration 
or pesticide use decisions. Firstly, AChE, BChE, Na
+
/K
+
ATPase and GST activity can be 
used as sensitive biomarkers for OP and CB pesticide contamination in C. destructor, a native 
decapod crayfish widely distributed in Australia. This aquatic species has the potential to 
become a useful model organism for ecotoxicology studies because of its wide distribution, 
ease of sourcing (it is widely bred in commercial hatcheries) and its ease of use and 
maintenance in the laboratory. In addition, AChE, BChE, Na
+
/K
+
ATPase and GST activity of 
C. destructor exposed to OP and CB insecticides is sensitive to elevated water temperature 
(20
0
C to 25
0
C). The sensitive of these enzymes suggested that elevated water temperature 
increases the toxicity of these pesticide groups, particularly pesticide mixtures to C. 
destructor, although this observation needs to be confirmed in other freshwater crayfish 
species in order to confirm the general applicability of the finding. The data generated by this 
study is useful information to support pesticide registration or pesticide use decisions in some 
areas in Australia such as around Shepparton, the Upper Yarra Valley, the Mornington 
Peninsula or in Tasmania where pesticide residues may cause sub lethal effects on yabbies or 
other native invertebrate species. With respect to individual AChE inhibitors, there will be no 
risk for yabbies or other aquatic species if estimated environmental concentrations are less 
than levels of concern. However, when paired, AChE inhibitors are used there may be 
resulting negative impacts on species. 
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9.2 Future research efforts 
A limitation of the present study is evaluating the sub-lethal effects of CPF, MAL, METH 
insecticides on only bait sized juveniles of one species of decapod (C. destructor).  
Investigation on other decapods and alternative aquatic species or communities needs to be 
conducted in order to fully evaluate the sub-lethal effects of these insecticides. In addition, 
these laboratory-based results in the present study need to be confirmed in field situations 
where yabbies would be compared to unexposed control animals. Furthermore, knowledge 
about how the activity of these enzymes changes with physiological state, sex temperature 
and developmental stage is required.  
 
The evaluation of the combined effects of the toxicity of insecticides and temperature was 
only conducted at two temperature levels (20 and 25
0
C). Thus, it is important that future 
studies consider more temperatures over a wider temperature range, relevant to the 
distribution of this species in Australia and prospective change in temperatures due to climate 
change. In addition, further investigations are needed to examine the combined effects of 
multiple chemical factors which could increase toxicity of selected insecticides; such as the 
influence of salinity and that trace metals may exert. Addressing these gaps in our knowledge 
can provide valuable information for environmental assessments and management options.   
 
The mode of action and mechanisms of toxicity for selected insecticides, especially with 
regards to breakdown products and metabolites that have formed as a result of cycling 
through aquatic organisms has not yet been fully understood, despite considerable research. 
The findings in this study showed that the metabolomics approach may be able to provide 
some basic information. It would be important to determine unidentified metabolites and 
whether metabolism returns to normal in the different tissues once exposure ceases; in order 
to follow the changes in metabolism of C. destructor exposed to selected insecticides and 
their mixtures. Many of the unidentified metabolites that displayed the capacity for significant 
alterations by exposure to the insecticides used in this investigation could provide important 
additional information on a particular metabolic pathway. 
 
9.3 General conclusion 
The sub-lethal effects of CPF, MAL and METH insecticides and their mixtures on C. 
destructor were investigated due to these insecticides still being used in significant levels in 
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agricultural production today. These insecticides have significant potential to induce effects 
on the activity of AChE, BChE, Na
+
/K
+
ATPase and GST in C. destructor at environmentally 
realistic and relevant concentrations. Therefore, it is necessary to minimise the entry of 
insecticides into the aquatic environment; and   to protect aquatic ecosystems.  
The conclusions of the present study can be summarized below 
1. The freshwater crayfish yabby C. destructor was sensitive to CPF, MAL and METH at 
environmentally realistic concentration. The activity of AChE, BChE, Na
+
/K
+
ATPase and 
GST were significantly exhibited in yabbies exposed to 2 and 5 µg.L
-1
 of CPF, MAL and 
METH insecticides. Based on the inhibition percent of AChE, BChE, Na
+
/K
+
ATPase and 
GST, the toxicity of the used insecticides to C. destructor was CPF > MAL > METH. 
 
2. The toxicity of binary and ternary combinations of CPF, MAL and METH insecticides to 
C. destructor could be predicted using the concentration addition model using the percent of 
enzyme inhibition. The observed inhibition of Na
+
/K
+
ATPase and GST activity in the three 
binary and one ternary mixture of CPF, MAL and METH, were greater than additive, less 
than additive and synergistic, respectively, depending on the relative ratios of these chemicals 
in the mixture.  
 
3. Elevated water temperature can increase the toxicity of individual OP and CB pesticides in 
individual and mixtures. CPF, MAL, METH and their mixtures produced AChE, BChE, 
Na
+
/K
+
ATPase and GST inhibition at 25
0
C that was considerably higher than that observed at 
20
0
C. This finding is important to develop strategies to protect yabbies and other native 
species from the effects of chemical pollution in a changing climate.  
 
4. The use of metabolomics in detecting the toxicity of exposure to CPF, MAL and METH in 
the environment is very promising as it has been shown to be more sensitive than regular 
clinical observation and traditional toxicity tests. The use of this approach is also able to 
provide information on the pathway affected. Identified unique biomarkers for CPF, MAL 
and METH exposure may provide new insights into the mechanisms of their toxicity.    
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